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Abstract 
 
Tissues have limited self-healing capabilities when a defect is above its critical 
size. Biomaterials that can act as temporary templates (scaffolds) can facilitate 
regeneration of damaged tissues but need to be designed to fulfill the challenging 
requirements for tissue regeneration. Inorganic/organic hybrids have the potential 
to meet these demands. Hybrids have nanoscale interpenetrating networks (IPNs) 
of organic and inorganic components that give them the unique potential of 
tailored mechanical properties and controlled biodegradation. An important factor 
in designing a successful hybrid is the choice of polymer. Chitosan has been 
widely used in the biomedical field due to its biocompatibility, biodegradability 
and the ability to promote cell attachment and proliferation.  
 
In this thesis, silica/chitosan hybrid scaffolds with oriented structures were 
fabricated through the sol-gel method, followed by a unidirectional freeze casting 
process. 3-glycidoxypropyl trimethoxysilane (GPTMS) was used to obtain 
covalent coupling between the inorganic and organic components. Various 
compositions were synthesized by varying the cooling rate, the GPTMS and the 
inorganic content, in order to investigate their effect on the hybrid chemical 
structures and mechanical properties. Structural characterization and dissolution 
tests confirmed the covalent crosslinking of the chitosan and the silica network in 
hybrids. The scaffolds had a directional lamellar structure along the freezing 
direction and a cellular morphology perpendicular to the freezing direction, 
respectively. Compression testing showed that the scaffolds with 60 wt % organic 
were flexible and elastic perpendicular to the freezing direction whilst having 
~160 kPa of compressive strength parallel to the freezing direction. The freeze 
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cast silica/chitosan hybrid scaffolds have the potential for tissue regeneration. 
 
A key to the development and optimization of sol-gel tissue scaffolds will be an 
understanding of the uniformity of the critical elements and compounds in the 
material. Therefore another part of this thesis involves application of the 
time-of-flight secondary ion mass spectrometry (ToF-SIMS) technique to evaluate 
and compare various sol-gel silica-based scaffolds. ToF-SIMS has high surface 
sensitivity and the ability to construct chemical maps and depth profiles for all the 
elements and compounds to obtain their distribution throughout the material. 
However, SIMS is sensitive to topography and most of the scaffolds are highly 
porous, thus chemical mapping of these materials using SIMS is very challenging. 
This work involved the development of two experimental methodologies (Soak & 
Solid and Mark & Map) to overcome this issue. Sol-gel 70S30C bioactive glass 
foams, electrospun 70S30C bioactive glass fibers and calcium-containing 
silica/gelatin hybrid scaffolds were successfully analyzed, proving the feasibility 
of these analytical methods, which are also applicable to many other types of 
porous material. In addition, different silica/γ-PGA hybrid systems with calcium 
incorporation were studied and the ToF-SIMS data facilitated improvements in 
hybrid synthesis and hybrid processing routes. ToF-SIMS was shown to be a 
powerful analytical technique that has the potential to play a pivotal role in the 
biomaterial field. 
  
IV 
 
Acknowledgments 
 
At the very beginning I want to give my most sincere thanks to both of my 
supervisors — Dr. David McPhail and Dr. Julian Jones. What they have done is 
far more than academic guidance. With their assistance and encouragement I have 
had an opportunity to get involved in such an exciting interdisciplinary project at 
an excellent university and to meet experts in various conferences home and 
abroad. Without both of you this work would be impossible. 
 
In addition, I express my greatest gratitude to the following members who have 
contributed to my research: Mr. Richard Chater and Dr. Sarah Fearn for their 
training and guidance on FIB-SIMS and ToF-SIMS, Prof. Eduardo Saiz Gutierrez, 
Dr. Claudia Walter, Dr. Suelen Barg and Eleonora D'Elia for their permission to 
use the freeze caster, Mr. Richard Sweeney for his assistance with TGA, Dr. 
Mahmoud Ardakani and Mrs Ecaterina Ware for their instructions on SEM, Mr. 
Benjamin Chan for his help with ICP, Prof. John Hanna and Frederick Romer 
(University of Warwick) for conducting NMR. I would also like to acknowledge 
my group members and friends who provided loads of help and brought great fun; 
in particular, to Dr. Gowsihan Poologasundrampillai, Mr. Anthony Maçon and Mr. 
Jin Nakamura for the wonderful time in UK with them, and to Miss Louise 
Connell for her proof reading the thesis. 
 
Last but not least, I am very grateful to my family Ken Wang, Guiqing Chen and 
Yueying Zhong. In this world only one’s parents can devote all they have to him 
without any reward. Thank you and love to my dear family. Also, a big hug to my 
wife Wenjun Yu for all the mental support she gave me, all the changes she made 
V 
 
for me and all the waiting she did for me. Special thanks to my baby-to-be. It is 
you that give me the greatest motivation to obtain my PhD degree within this year. 
I am really looking forward to the day you are coming to the world and to 
accompanying you in the rest of my life. This thesis is especially for you. 
VI 
 
Contents 
 
Declaration .................................................................................. I 
Abstract ..................................................................................... III 
Acknowledgments ...................................................................... V 
List of Figures ............................................................................ 1 
List of Tables ............................................................................ 11 
Abbreviations ........................................................................... 13 
Outline of Thesis ...................................................................... 17 
1  Introduction ........................................................................ 19 
1.1. Therapeutic strategies for bone tissue .................................. 19 
1.1.1. Current status and clinic need for bone tissue therapy .......................... 19 
1.1.2. Bone tissue engineering and regeneration ............................................... 21 
1.2. Sol-gel derived synthetic bone graft ....................................... 25 
1.2.1. Sol-gel process ............................................................................................ 25 
1.2.2. Sol-gel bioactive glasses ............................................................................. 28 
1.2.3. Inorganic/organic hybrids ......................................................................... 30 
1.2.4. Chitosan ...................................................................................................... 36 
1.3. Porous scaffold fabrication from sol-gel methods .............. 42 
1.3.1. Gas Foaming ............................................................................................... 43 
1.3.2. Solid Free-form Fabrication (SFF) .......................................................... 45 
1.3.3. Thermally Induced Phase Separation (TIPS) ......................................... 45 
1.3.4. Freeze casting ............................................................................................. 46 
 
 
1.4. Characterization methodology .................................................. 52 
2  Secondary Ion Mass Spectrometry Background ............... 57 
2.1. Introduction ..................................................................................... 57 
2.2. The basic SIMS equation and relevant concepts ............... 60 
2.2.1. The sputter yield ........................................................................................ 61 
2.2.2. The ionization probability ......................................................................... 62 
2.3. Instrumentation ............................................................................. 66 
2.3.1. The ultra-high vacuum condition ............................................................. 66 
2.3.2. Charge compensation ................................................................................ 68 
2.3.3. Primary beam sources ............................................................................... 69 
2.3.3.1. The generation of popular primary beam sources ............................ 69 
2.3.3.2. Cluster secondary ion mass spectrometry (Cluster SIMS) ............... 71 
2.3.4. Mass analyzers ........................................................................................... 76 
2.4. Modes of SIMS analysis ............................................................... 79 
2.4.1. Static SIMS ................................................................................................. 79 
2.4.2. Dynamic SIMS ........................................................................................... 82 
3  ToF-SIMS Evaluation of Calcium-containing Silica/γ-PGA 
Hybrid Systems ................................................................... 86 
3.1. Materials and Methods ................................................................ 87 
3.1.1. Synthesis of calcium-containing silica/γPGA hybrids ............................ 87 
3.1.1.1. Hybrids using the free acid form of γPGA as the polymer source .... 87 
3.1.1.2. Using the calcium salt form of γPGA as the polymer source............ 88 
3.1.1.3. Addition of dimethyl carbonate (DMC) ............................................. 89 
3.1.2. ToF-SIMS evaluation of calcium-containing silica/γPGA hybrids ........ 89 
3.2. Results and Discussion ............................................................... 91 
3.2.1. Hybrids using the free acid form of γPGA versus using the calcium 
salt form of γPGA ...................................................................................... 91 
3.2.2. Silica/γ-CaPGA hybrids synthesized through ionic coupling using 
DMC ............................................................................................................ 96 
3.3. Conclusions ................................................................................... 106 
 
 
4  Strategies for SIMS Analysis of Highly Porous Bone 
Scaffolds ........................................................................... 108 
4.1. Materials and Methods .............................................................. 111 
4.1.1. Fabrication of 70S30C bioactive sol-gel glass foam .............................. 111 
4.1.2. Fabrication of 70S30C bioactive sol-gel glass fiber .............................. 112 
4.1.3. Fabrication of calcium-containing silica/gelatin hybrid foam ............. 113 
4.1.4. Scanning electron microscope (SEM) of scaffold morphology ............ 113 
4.1.5. Soak & Solid ............................................................................................. 114 
4.1.6. Mark & Map ............................................................................................ 115 
4.2. Results and Discussion ............................................................. 116 
4.2.1. ToF-SIMS analysis of 70S30C sol-gel glass foams ................................ 116 
4.2.2. ToF-SIMS analysis of electrospun 70S30C sol-gel glass fibers ............ 120 
4.2.3. Mark & Map strategy for a calcium containing silica/gelatin hybrid 
scaffold ...................................................................................................... 123 
4.3. Conclusion ..................................................................................... 126 
5  Freeze Casting of Silica/Chitosan Hybrid Scaffolds ........ 128 
5.1. Experimental and characterization methods ..................... 129 
5.1.1. Fabrication of freeze cast silica/chitosan hybrid scaffold .................... 129 
5.1.1.1. Preparation of class II silica/chitosan hybrid sol ............................ 131 
5.1.1.2. Freeze casting ................................................................................... 134 
5.1.2. Evaluation of hybrid crosslinking and chemical structure .................. 136 
5.1.2.1. Dissolution study .............................................................................. 136 
5.1.2.2. Fourier transform infrared spectroscopy ........................................ 138 
5.1.2.3. Solid state nuclear magnetic resonance spectroscopy .................... 139 
5.1.2.4. Thermal analysis .............................................................................. 140 
5.1.2.5. Time-of-flight secondary ion mass spectrometry ............................ 140 
5.1.3. Hybrid scaffold morphology ................................................................... 141 
5.1.3.1. Scanning Electron Microscopy ........................................................ 141 
5.1.3.2. Porosity measurement ...................................................................... 142 
5.1.4. Compression testing ................................................................................. 143 
5.2. Class II Hybrid – freeze cast silica/chitosan scaffold ...... 144 
5.2.1. Solid state NMR study ............................................................................. 145 
5.2.2. Tris dissolution test .................................................................................. 154 
5.2.3. FTIR analysis ........................................................................................... 156 
5.2.4. TGA evaluation ........................................................................................ 161 
5.2.5. Hybrid homogeneity determined by ToF-SIMS .................................... 165 
 
 
5.3. Highly ordered hybrid scaffold structure ............................ 168 
5.4. Evaluation of anisotropic compression behavior ............. 177 
5.5. Conclusions ................................................................................... 183 
6  Conclusions & Future Work .............................................. 185 
6.1. SIMS aspects ................................................................................ 185 
6.2. Freeze cast silica/chitosan hybrid scaffolds ...................... 189 
Bibliography ........................................................................... 193 
 
 
 
List of Figures 
 
Fig. 1.1. Schematic illustration of human bone structure, showing the external 
compact cortical bone and internal porous cancellous bone (Adapted from 
[37]). ............................................................................................................... 23 
Fig. 1.2. Schematic of mixing and gelation steps in the sol-gel process: (a) 
hydrolysis of TEOS to produce silanol groups; (b) subsequent condensation 
of silanol groups; (c) polycondensation process to form interconnected 
amorphous silica network. .............................................................................. 26 
Fig. 1.3. Schematic of the interpenetrating inorganic and organic networks of a 
class II hybrid material (Adapted from [13]). ................................................ 32 
Fig. 1.4. Schematic for the expected structure of the calcium-containing 
silica/γ-PGA hybrid. ....................................................................................... 35 
Fig. 1.5. Schematic of chitosan structure with the deacetylated unit (left) and 
acetylated unit (right). .................................................................................... 36 
Fig. 1.6. Chitosan publications over the past thirty years. Chart returned when 
queried with the topic “chitosan” and refined by the research areas “Dentistry 
oral surgery medicine OR Orthopedics OR Transplantation OR Surgery”, as 
the number of chitosan publications in each year 
(http://apps.webofknowledge.com/  data was collected on 02-Sep-2013). .. 38 
Fig. 1.7. SEM images of freeze-dried GPTMS/chitosan scaffolds obtained at −20 
ºC (left) and at −85 ºC (right) (Adapted from [125]). Smaller pore sizes can 
be observed at lower freezing temperature −85 ºC. ....................................... 41 
Fig. 1.8. X-ray micro-computed tomography (μCT) images of (a) human 
trabecular bone, and (b) a bioactive sol-gel 70S30C glass foam (Adapted 
from [180]). .................................................................................................... 44 
1 
 
Fig. 1.9. SEM image of a silica/gelatin hybrid scaffold fabricated by the sol-gel 
foaming and freeze drying technique (Adapted from [82]), showing an 
interconnected highly porous network. .......................................................... 44 
Fig. 1.10. Typical processing steps of freeze casting using water as the solvent: 
solution/slurry preparation, solidification and sublimation (Adapted from 
[189]). ............................................................................................................. 47 
Fig. 1.11. Schematic of the interaction between the growing frozen solvent front 
and the particles. Here r is the radius of the particle; d is thickness of the 
liquid film between the particle and the solidification front; v is the velocity 
of the growing front; Fη is the attractive force and FR is repulsive force 
(Adapted from [189]). .................................................................................... 49 
Fig. 1.12. The mechanism of lamellar structure formation induced by ice: (a) 
crystal structure of ice; (b) anisotropy of ice crystal growth kinetics showing 
the preferred ice growth along a-axis and (c) the final lamellar structure of a 
porous ceramic scaffold obtained after sublimation of ice and sintering 
(Adapted from [190]). .................................................................................... 51 
Fig. 1.13. X-ray micro-computed tomography (µCT) image of a bioactive 70S30C 
glass foam scaffold (Adapted from [219]). .................................................... 56 
 
Fig. 2.1. The surface of a sample is bombarded by a primary beam with sufficient 
energy to bring about a so-called collision cascade process. The energy is 
high enough to enable surface atoms and molecular compounds to overcome 
the surface binding energy, thereby releasing them from the surface region. 
However, only a small proportion (10-6~10-1) of them is ionic and it is these 
positive or negative secondary ions that are mass analyzed for results. ........ 58 
Fig. 2.2. The variation of negative ion yield as a function of atomic number for 
16.5 keV Cs+ bombardment. (Ο) Pure element; (Δ) Compound; (B.D.) Barely 
2 
 
Detectable; (N.D.) Not Detected (Adapted from [236]). ............................... 63 
Fig. 2.3. The molecular signal distribution of the drug haloperidol ([M + H]+ 
signal at m/z 376) over a slice of the brain surface of the rat. The cholesterol 
(m/z 369) and the phosphatidylcholine headgroup (m/z 184) indicate white 
matter and grey matter, respectively. The analyzed area is 800 μm × 800 μm 
with a dose of 8 × 1010 ion/cm2 (Adapted from [238]). ................................. 65 
Fig. 2.4. Comparison of sputter yields and penetration depths by using SF5+ 
cluster beam and Ar+ atomic beam to strike a glutamate thin film (Adapted 
from [208]). SY = Secondary ion yield. ......................................................... 73 
Fig. 2.5. Ejection of atoms under the 15 keV Ga+ and C60+ bombardment of a Ag 
{111} surface at normal incidence (Adapted from [251]). ............................. 74 
Fig. 2.6. Yields for fragment at m/z = 143 are plotted as a function of the number 
of atoms per primary ion (Adapted from [255]). ........................................... 75 
Fig. 2.7. Schematic of principle of a ToF-SIMS instrument (Adapted from [265]). 
Primary ions from an ion gun are pulsed, focused and rastered over a sample 
surface to generate secondary ions, which will then be extracted and fly with 
time measurement prior to reaching the detector. .......................................... 78 
Fig. 2.8. A schematic illustration of two different approaches to macromolecular 
imaging (Adapted from [263]). ...................................................................... 80 
Fig. 2.9. A schematic definition of depth resolution (Adapted from [224]). ......... 84 
 
Fig. 3.1. ToF-SIMS secondary ion mapping for the calcium-containing 
silica/γ-PGA hybrids synthesized with (a-f) the calcium salt form of γ-PGA 
(S-γ-CaPGA) and with (g-m) the free acid form of γ-PGA using DMSO as 
the solvent (FA-γ-PGA). The distribution of the critical elements and 
compounds were investigated as follows: (a) (g) Si+; (b) (h) SiCH3+; (c) (i) 
Ca+; (d) (j) CaO2+; (e) (k) CNCa+; (f) (l) CH2N+; (m) CH3SO+ and (n) CaSO+. 
3 
 
The scale bars are 50 μm for S-γ-CaPGA and 20 μm for FA-γ-PGA. ........... 92 
Fig. 3.2. ToF-SIMS Depth profiles of the calcium-containing silica/γ-PGA hybrids 
synthesized with (a) the calcium salt form of γ-PGA (S-γ-CaPGA) and with 
(b) the free acid form of γ-PGA using DMSO as the solvent (FA-γ-PGA). The 
intensity of the critical ions from both hybrids with sputter time was shown.
 ........................................................................................................................ 95 
Fig. 3.3. Schematic for the expected structure of a silica/γ-CaPGA hybrid 
synthesized through the ionic coupling between the hydrolyzed 
DMC-coupled GPTMS (DMC/GPTMS) and γ-CaPGA. ............................... 97 
Fig. 3.4. ToF-SIMS secondary ion maps of Si+ and Ca+ for the silica/γ-CaPGA 
hybrids with the addition of DMC (a-f) at the onset of the reaction between 
GPTMS and γ-CaPGA and (g-l) after the reaction. Various reaction times 
between GPTMS and γ-CaPGA were studied here with (a) (b) (g) (h) 24 h; (c) 
(d) (i) (j) 48 h and (e) (f) (k) (l) 72 h. ............................................................. 99 
Fig. 3.5. ToF-SIMS analysis of the silica/γ-CaPGA hybrids with the addition of 
DMC: (a-i) after the reaction between GPTMS and γ-CaPGA (S-xDMCpost) 
and (j-l) at the onset of the reaction (S-xDMCpre). x = 24, 48 or 72, referring 
to the different reaction time between GPTMS and γ-CaPGA with 24 h, 48 h 
and 72 h. The distribution of SiOH+ and CaO+ and the overlay images of 
SiOH+ (red) and CaO+ (green) were shown from (a) (b) (c) S-24DMCpost; (e) 
(f) (g) S-48DMCpost; (e) (f) (g) S-72DMCpost and (e) (f) (g) S-72DMCpre. The 
scale bars are 50 μm for S-24DMCpost, S-48DMCpost, S-72DMCpre and 100 
μm for S-72DMCpost. .................................................................................... 100 
Fig. 3.6. ToF-SIMS analysis of the DMC-containing silica/γ-CaPGA hybrids 
synthesized with the 24 h reaction between GPTMS and γ-CaPGA. The data 
were obtained from the hybrids with the addition of DMC: (a-c) at the onset 
of the 24 h reaction (S-24DMCpre) and (d-f) after the 24 h reaction 
4 
 
(S-24DMCpost). Secondary ion maps showed the distribution of CNCa+, 
SiC2H+ and CH2N+. The scale bars are 50 μm for S-24DMCpost and 100 μm 
for S-24DMCpost. .......................................................................................... 102 
Fig. 3.7. ToF-SIMS depth profiles of the silica/γ-CaPGA hybrids with the addition 
of DMC: (a) at the onset of the 24 h reaction (S-24DMCpre) between GPTMS 
and γ-CaPGA, and (b) after the 24 h reaction (S-24DMCpost). The intensity of 
the critical ions from both hybrids with sputter time was shown. ................ 104 
Fig. 3.8. Si and Ca release profiles of silica/γ-CaPGA hybrids with and without 
the DMC addition in Tris buffer solution. Both hybrids were synthesized with 
24 h reaction between GPTMS and γ-CaPGA. For the DMC sample, DMC 
was added after the 24 h reaction (S-24DMCpost). (Courtesy of Jin Nakamura, 
Nagoya Institute of Technology) .................................................................. 105 
Fig. 3.9. Si and Ca release profiles of silica/γ-CaPGA hybrids with and without 
the DMC addition in Tris buffer solution. Both hybrids were synthesized with 
48 h reaction between GPTMS and γ-CaPGA. For the DMC sample, DMC 
was added at the onset of the 48 h reaction (S-48DMCpre). (Courtesy of Jin 
Nakamura, Nagoya Institute of Technology) ............................................... 106 
 
Fig. 4.1. SEM images of (a) a 70S30C sol-gel glass foam, (b) electrospun 70S30C 
sol-gel glass fibers and (c) a calcium containing silica/gelatin sol-gel hybrid 
scaffold with the composition of 50 wt% gelatin and with the molar ratio of 
Si : Ca : P of 70 : 10 : 5. The structure of each of these scaffolds are 
challenging for the SIMS technique (Fig. 4.1a and b were by courtesy of Dr. 
Gowsihan Poologasundarampillai, Imperial College London). ................... 110 
Fig. 4.2. Determination of the strut of interest from a highly porous calcium 
containing silica/gelatin hybrid scaffold by combining FIB with ToF-SIMS: 
(a) FIB-SIMS secondary ion-image of the FIB fiducial arrow (red rectangle) 
5 
 
to indicate the strut of interest (red oval), (b) ToF-SIMS video camera image 
of the location of the FIB fiducial arrow (red rectangle), and (c) ToF-SIMS 
secondary ion-image of the strut of interest. ................................................ 115 
Fig. 4.3. ToF-SIMS analysis of 70S30C glass scaffolds synthesized by the sol-gel 
foaming process. Three samples with epoxy resin impregnation were 
investigated: (a-e) S1, (f-h) S2 and (i-k) S3. ................................................ 118 
Fig. 4.4. Schematic illustration of the fabrication process of 70S30C sol-gel glass 
fibers by electrospinning. A hypothesis was proposed that positive charges Ca 
could be forced to distribute in the fiber end due to the same-charge repulsion 
from the jet device, which is presented by the zoom-in SEM image (SEM 
image courtesy of Dr. Gowsihan Poologasundarampillai, Imperial College 
London). ....................................................................................................... 121 
Fig. 4.5. ToF-SIMS secondary ion mapping of (a) Si+ and (b) Ca+, and (c) an 
overlay ion image of Si+ (red) and Ca+ (green) in the electrospun 70S30C 
sol-gel glass fibers with epoxy resin impregnation. (d) SEM image of the 
same fibers indicating the existence of the fiber end. .................................. 121 
Fig. 4.6. Schematic illustration of a calcium containing silica/gelatin hybrid foam 
synthesized by the sol-gel foaming process and ToF-SIMS secondary ion 
mapping of the relevant elements and compounds of interest. Scale bar is 10 
μm for all the images. ................................................................................... 123 
 
Fig. 5.1. Schematic for the synthesis procedure of class II silica/chitosan hybrid 
sol. ................................................................................................................ 132 
Fig. 5.2. Illustration of the cross section of a freeze casting system with a 
programme controller for the fabrication of silica/chitosan hybrid scaffolds.
 ...................................................................................................................... 135 
Fig. 5.3. Illustration of a unidirectional freeze casting process for silica/chitosan 
6 
 
hybrid sol. The sol undergoes the physical phase transition from initially the 
liquid state at room temperature to gradually form a frozen solid with cooling 
temperature, and to eventually become a porous hybrid scaffold after the 
sublimation of ice crystals. The red arrow indicates the formation of the first 
ice layer. ....................................................................................................... 136 
Fig. 5.4. 13C CP-MAS NMR spectra of freeze cast silica/chitosan hybrid scaffolds 
with 60 wt% organic of GC1 (4060 GC1), GC2 (4060 GC2) and GC4 (4060 
GC4), 50 wt% organic of GC4 (5050 GC4) and 40 wt% organic of GC4 
(6040 GC4) (NMR spectra courtesy of Frederik Romer, Department of 
Physics, University of Warwick). ................................................................. 146 
Fig. 5.5. Schematic for the formation of a diol (circled in blue) when the epoxy 
ring of GPTMS is opened by water in acid solution. ................................... 148 
Fig. 5.6. 15N MAS NMR spectra of the pure chitosan scaffold and the 
chitosan/GPTMS hybrid scaffold fabricated by the freeze drying technique, 
with deconvolution also shown (Adapted from [277]). The extra peak 
indicated by the red circle implies the formation of secondary amine due to 
the reaction between GPTMS and chitosan. ................................................ 148 
Fig. 5.7. (a) 29Si MAS NMR spectra of freeze cast silica/chitosan hybrid scaffolds 
with 40 wt% organic of GC4 (6040 GC4), 50 wt% organic of GC4 (5050 
GC4) and 60 wt% organic of GC4 (4060 GC4), GC2 (4060 GC2) and GC1 
(4060 GC1) with deconvolution also shown (NMR spectra courtesy of 
Frederik Romer, Department of Physics, University of Warwick). (b) 
Schematic for the chemical structure of the silicon T1, T2, T3, Q1, Q2, Q3 and 
Q4 species. .................................................................................................... 150 
Fig. 5.8. Relative intensity of Q and T species from deconvolution of the 29Si 
MAS NMR spectra for various freeze cast silica/chitosan hybrid scaffolds.
 ...................................................................................................................... 153 
7 
 
Fig. 5.9. Silicon release profiles in Tris buffer solution up to one week for freeze 
cast hybrid scaffolds with varying GC and inorganic/organic weight ratio. 
The 60 wt% organic hybrid without the GPTMS addition (4060 NoGC) was 
also investigated for comparison. ................................................................. 154 
Fig. 5.10. FTIR spectra of commercial chitosan powder and freeze cast scaffolds 
with various compositions. ........................................................................... 157 
Fig. 5.11. FTIR spectra of freeze cast scaffolds with various compositions after 
four-week immersion in Tris buffer solution. .............................................. 160 
Fig. 5.12. TGA thermograms of freeze cast silica/chitosan scaffolds with various 
compositions (a) before and (b) after the four-week Tris dissolution test. ... 162 
Fig. 5.13. Percentage of mass change with quantitative values for freeze cast 
silica/chitosan scaffolds with various compositions before and after the 
four-week Tris dissolution test. .................................................................... 163 
Fig. 5.14. Estimated schematic of a class II silica/chitosan hybrid in this work and 
ToF-SIMS secondary ion maps for the corresponding critical elements and 
compounds in the 4060 GC1 hybrid (circled in red). Scale bar is 50 μm for all 
the images. .................................................................................................... 166 
Fig. 5.15. ToF-SIMS depth profiles of the critical ions shown in the ToF-SIMS 
secondary ion maps. The intensity of the ions with sputter time was presented.
 ...................................................................................................................... 167 
Fig. 5.16. Series images showing the freeze cast silica/chitosan hybrid scaffolds 
with different shapes and oriented structures (indicated by the blue arrows). 
Light source was given to obtain the clearer scaffold appearance (shown on 
the right of the image). The top and bottom views of the scaffold are given to 
present the differences of the structures due to the unidirectional freeze 
casting process. ............................................................................................. 168 
Fig. 5.17. X-ray micro-computed tomography (µCT) images of a freeze cast 60 wt% 
8 
 
organic hybrid scaffold fabricated at a cooling rate of 10 ℃/min (4060 GC4 
10 ℃/min), which show the typical microstructures (a) perpendicular and (b) 
parallel to the freezing direction (µCT images courtesy of Dr. Sheng Yue, 
School of Materials, University of Manchester). ......................................... 169 
Fig. 5.18. SEM images of freeze cast scaffolds fabricated with various 
compositions and cooling rates. Cross-sections perpendicular to the freezing 
direction, which show the cellular pore structures. ...................................... 171 
Fig. 5.19. SEM images of freeze cast scaffolds fabricated with various 
compositions and cooling rates. Cross-sections parallel to the freezing 
direction, which show the oriented pore structures. ..................................... 174 
Fig. 5.20. (a) (b) SEM and (c) µCT image of the freeze cast scaffolds fabricated 
with various compositions, showing another type of oriented microstructure 
compared to those presented in Fig. 5.19 (µCT image courtesy of Dr. Sheng 
Yue, School of Materials, University of Manchester). ................................. 176 
Fig. 5.21. Compression testing for freeze cast scaffolds fabricated with various 
cooling rates and compositions, which was carried out along the freezing 
direction (shown by the inset in b, the red arrows indicate the freezing 
direction.). (a) Representative stress–strain curves for different compressed 
scaffolds. Comparison of the critical mechanical properties between various 
freeze cast scaffolds with (b) maximum compressive strength, (c) 
compressive modulus and (d) strain at the failure point (n = 5). ................. 178 
Fig. 5.22. Stress–strain curves for freeze cast scaffolds fabricated at a cooling rate 
of 10 ℃/min with various compositions. Compression was carried out 
perpendicular to the freezing direction (shown by the inset, the red arrows 
indicate the freezing direction.). All the compressed scaffolds showed an 
elastic behavior in this direction but stiffness increased as GPTMS or 
inorganic content were increased. ................................................................ 181 
9 
 
Fig. 5.23. Images showing the compression behavior of the freeze cast 60 wt% 
organic hybrid scaffolds fabricated at a cooling rate of 10 ℃/min (4060 GC4 
10 ℃/min). Scaffolds compressed perpendicular to the freezing direction (a) 
by a compressor and (b) by hand, which demonstrate the highly elastic 
behavior. (c) Scaffolds compressed parallel to the freezing direction by a 
compressor, which shows the rupture formation and failure to recover after 
the compression. The red arrows indicate the freezing direction. ................ 182 
 
10 
 
List of Tables 
 
Table 2.1 The sputter yields of water molecule equivalents from the deposited ice 
layer under bombardment by 20 keV C60+ and 25 keV Aun+ [235]. ............... 62 
Table 2.2 Values of the mean free path for nitrogen varying with pressures [242].
 ........................................................................................................................ 68 
Table 2.3 Comparison of three different mass analyzers for SIMS [206]. ............ 79 
Table 2.4 Estimated relationship between pixel size and the amount of 
molecules/atoms [224]. .................................................................................. 82 
 
Table 3.1 Notation of various calcium-containing silica/ γ-PGA hybrids. The 
molar ratio of γ-PGA to GPTMS (GC) was 2 in all the samples. .................. 89 
Table 3.2 Parameters for the SIMS analyses on various calcium-containing silica/ 
γ-PGA hybrids. ............................................................................................... 90 
 
Table 5.1 Notation of different freeze cast scaffolds studied in this work. .......... 131 
Table 5.2 Details of the quantity of chemical used for various scaffold synthesis in 
this work. ...................................................................................................... 134 
Table 5.3 Deconvolution of 29Si MAS NMR spectra for freeze cast silica/chitosan 
hybrid scaffolds with various compositions, showing (a) the Q species and (b) 
the T species and the condensation degree Dc. δ, Δ and I represent the 29Si 
chemical shift, the linewidth full-width half-maximum and the relative 
intensity, respectively (Courtesy of Frederik Romer, Department of Physics, 
University of Warwick). ............................................................................... 152 
Table 5.4 Porosity of freeze cast scaffolds fabricated at a cooling rate of 10 ℃
/min with various compositions. Values were obtain from the bulk density 
11 
 
(mean values ± standard deviation, n = 5) and the skeletal density (mean 
values ± standard deviation, n = 3) of the scaffolds. .................................... 176 
Table 5.5 Mechanical properties obtained from the compression testing for freeze 
cast scaffolds fabricated with various cooling rates and compositions, mean 
values ± standard deviation (n = 5). ............................................................. 179 
 
 
  
12 
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45S5 45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% 
P2O5 
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CP-MAS NMR Cross-polarization magic angle spinning nuclear magnetic 
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DC Direct current 
DD Degree of deacetylation 
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13 
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FDA Food and Drug Administration 
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PMA Poly(methyl acrylate) 
PMMA Poly(methyl methacrylate) 
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PVA Polyvinyl alcohol 
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SBF Simulated body fluid 
SE Secondary electron 
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SI Secondary ion 
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SIMS Secondary ion mass spectrometry 
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ToF-SIMS Time-of-flight secondary ion mass spectrometry 
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 Outline of Thesis 
 
Chapter 1 provides a detailed literature review of the current clinical need for 
tissue regeneration and the reasons why sol-gel materials and inorganic/organic 
hybrids are required. It also explains the advantages of using chitosan as the 
organic component in hybrids. In addition, it describes the need for 3D porous 
scaffolds as tissue regenerating materials and various scaffold fabrication 
techniques, followed by an overview of the freeze casting technique. Finally it 
indicates that the SIMS analyses on biomaterials and SIMS analysis of porous 
scaffolds is required.  
 
Chapter 2 gives a literature overview of the SIMS technique describing the 
fundamental concepts, SIMS instrumental components and different SIMS 
analysis modes for application. 
 
Chapter 3 presents the ToF-SIMS evaluation of various calcium-containing silica/ 
γ-PGA systems. The performance of different hybrids are compared and examined 
and the SIMS data are used to improve the hybrid synthesis process. 
 
Chapter 4 introduces and details the development of two methodologies i.e. Mark 
& Map and Soak & Solid, to tackle the challenges of SIMS analysis caused by 
the porous structures. 
 
Chapter 5 describes the fabrication of freeze cast silica/chitosan hybrid scaffolds 
for tissue regeneration. Various compositions were studied as a function of 
chemical structures, scaffold morphology and mechanical properties by varying 
the GPTMS content, inorganic/organic weight ratio and cooling rate. 
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 Chapter 6 summarizes the research studies presented in the thesis and provides 
suggestions for future work and optimization of both the SIMS and freeze casting 
aspects in future. 
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Chapter  1 
Introduction 
 
 
1.1. Therapeutic strategies for bone tissue  
 
1.1.1. Current status and clinic need for bone tissue therapy 
 
Bone has the ability to conduct a self-regeneration mechanism when the defect is 
small (below the critical size); however, large bone defects cannot be repaired 
spontaneously without the use of an aid [1, 2]. Therefore, therapeutic devices such 
as orthopedic implants are needed in such cases. An official report from the U.S. 
Department of Health and Human Services estimated that over 506 million of the 
global population were above 65 in 2008 and this value is expected to have 
increased 160% by the year 2040 [3]. The increasing occurrence of age-induced 
diseases (e.g. arthritis and osteoporosis) and the corresponding socioeconomic 
consequences have been driving the research and development on optimizing 
orthopedic implants [4]. The global orthopedic market was predicated to grow 
from US $35.5 billion in 2012 to $41.2 billion in 2015, an average of 5% growth 
each year [5]; however, it has been reported that sales of orthopedic products 
exceeded $43 billion in 2012, surpassing the estimation by approximately 21% [6]. 
Therefore, it may well be that the future demand for orthopedic implants is still 
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underestimated.  
 
Current common orthopedic treatments include transplantation such as autologous 
or allogeneic grafting, and the use of implants that can replace or augment 
defective tissue without the function of promoting tissue regeneration such as 
metallic implants. Although numerous patients have benefited from these surgical 
treatments for decades, neither of these strategies is likely to have long-term 
success due to their various limitations [7]. 
 
Autografting is generally thought to be the gold standard for bone repair. An 
autograft is when the bone is harvested from the patient’s body, normally from the 
iliac crest (top of the pelvis), to be re-implanted into the bone defect. The fact that 
autograft is the patient’s own bone and that it contains cells that can provide 
osteogenic factors such as bone morphogenetic proteins (BMPs) are the main 
advantages of autotransplantation [8]. However, the autologous grafting procedure 
is restricted by donor site morbidity, limited bone supply and the need for a 
second operation to repair the donor site, resulting in additional pain and the 
prolonged therapy [8-11]. The donor site is also at risk of infection. 
 
Two other bone grafting strategies involve allografting (bone source from another 
person) and xenografting (bone transplant from animals). Bone supply is larger 
from these two treatments compared to autologous bone grafting; but there is a 
high risk of transmissible diseases and infection, and immune rejection from the 
host can take place [12]. In addition, to reduce the risk occurrence the allogeneic 
or xenogeneic grafts are processed to remove all cells before transplantation and 
only bone matrix will be left [13], and this reduces the mechanical properties of 
both grafts. Overall, the main limitations on all these bone grafting procedures are 
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donor supply insufficiency and complicated surgical reconstructions (harvesting 
and re-implantation) [14]. 
 
The development of new biomaterials can overcome these issues to some extent. 
The various synthetic materials such as orthopedic implants produce an abundant 
supply for bone therapy [15]. Metallic implants are the widely used orthopedic 
devices [16]. The major advantages of these materials are that they are bio-inert 
and have excellent mechanical strength available for high load-bearing sites. 
However, metallic materials are usually non-biodegradable and dense implants, 
therefore in some applications such as hip prostheses, they tend to cause bone 
resorption due to stress shielding [15, 17, 18]. Stress shielding is the phenomenon 
such that the metallic implants with high modulus take most of the load from the 
adjacent bone, resulting in the lack of mechanical stimuli on the bone and 
therefore induce bone resorption, followed by the eventual bone failure [15]. 
Apart from stress shielding, other drawbacks include microbial infection [19] and 
the possible release of toxic ions or wear particles such as cobalt-chrome [15, 20, 
21]. As a consequence, traditional metallic implants can only be used for bone 
replacement with a short lifetime (e.g. up to 25 years) in the human body and need 
further regular surgical treatments. Therefore, optimization or other alternatives of 
synthetic implants are essential for the shift from bone replacement to bone 
regeneration [22]. 
 
1.1.2. Bone tissue engineering and regeneration 
 
Tissue Engineering provides a strategy to create a scaffold to stimulate bone 
regeneration [22]. The first recorded use of the term “Tissue Engineering” can be 
found in 1991 [23] and it can be defined as an interdisciplinary field between life 
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science and engineering that can develop a scaffolds with the ability to restore, 
maintain, or improve the human tissue function [24]. There are two mainstreams 
of tissue engineering strategies associated with these tissue-regenerating scaffolds: 
scaffolds themselves that directly enable the stimulation of in situ tissue 
regeneration; and scaffolds pre-processed with seeded cells and the subsequent 
pre-grown tissue in vitro before implantation [25, 26].  
 
An ideal tissue-engineered scaffold should mimic both the structure and 
mechanical properties of the targeted tissue [27]. However, for bone regeneration 
it is very challenging to produce such a scaffold due to the complexity of human 
bone [28, 29]. Fig. 1.1 shows a schematic illustration of the hierarchical bone 
structure. The tubular structure of long bones such as the femur and the tibia 
consists of externally compact cortical bone (~10% porosity) and internally highly 
porous cancellous bone (50~90% porosity) with an interconnected macropore 
network [30, 31]. Human bone is a natural inorganic/organic nanocomposite and 
the two main components are bone mineral (inorganic phase) and type I collagen 
(organic phase), which account for 50~70% and 20~40% respectively depending 
on the bone location and physiological status of the host [32]. The hierarchical 
structure of human bone combined with the interaction of both components at the 
nanoscale plays a pivotal role in the mechanical properties [28]. The compressive 
strength of the dense cortical bone is 100~230 MPa while that of the cancellous 
bone is 2~12 MPa due to its high porosity [16, 33]. Bone mineral is mainly 
composed of hydroxycarbonate apatite (HCA) nanocrystals [28, 34], which 
determines the bone compressive strength and stiffness [35]. Type I collagen 
fibrils tend to constitute oriented layers and are responsible for the tensile strength 
[35, 36].  
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Fig. 1.1. Schematic illustration of human bone structure, showing the external compact cortical 
bone and internal porous cancellous bone (Adapted from [37]).  
  
The complexity of bone structure makes it very challenging to fabricate a 
desirable bone scaffold to meet all the requirements simultaneously. There are 
several critical criteria that have been proposed for bone regeneration [22, 38-42]. 
The scaffold should be: 
 
a. Biodegradable and its degradation products must be non-toxic and 
biocompatible, which is one of the most important principles of material 
selection for bone implants. The degradation rate should be controlled to 
match new tissue ingrowth. 
b. Osteoinductive. The scaffold should have the ability to bond to bone and 
induce osteogenisis. It requires the surface chemistry of the scaffold to enable 
the stimulation of cell attachment, migration, proliferation and differentiation. 
Bone marrow
Periosteum
Cancellous
bone Cortical
bone Extracellular
Matrix (ECM)
Bone cell
(Osteocyte)
Haversian canalOsteon
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Ideally, the scaffold surface should also contain some active functional group 
for biomolecule attachment. 
c. Osteoconductive. The scaffold should act as a template to direct bone cell 
ingrowth in three dimensions for the formation of effective construction. An 
interconnected pore network with appropriate porosity is required to 
encourage vascularization and the transport of nutrients, oxygen and metabolic 
wastes. 
d. Tough, with mechanical properties similar to the host tissue to avoid stress 
shielding. 
e. The scaffold should meet international regulations for clinical use and should 
be easy to produce commercially and to be sterilized. 
 
Bioactive glasses fulfill most of these challenging criteria in that they can bond to 
bone, degrade in the body and stimulate bone growth [13, 41, 43, 44]. Bioactive 
glasses can be melt- or sol-gel derived. One successful commercially available 
product is Bioglass® (45 wt% SiO2, 24.5 wt% Na2O, 24.5 wt% CaO and 6 wt% 
P2O5) developed by Professor Larry Hench in the early 1970s. Bioglass is a 
silicate based melt-derived bioactive glass that can stimulate bone growth and can 
resorb over time [43]. However, due to the limitations on the processing routes 
only powders or monolithic forms are available because Bioglass tends to 
crystallize on sintering and therefore cannot form three-dimensional scaffolds and 
maintain its amorphous structure [41]. This shortcoming was overcome by 
employing the sol-gel process to produce 3D bioactive glasses [41]. The sol-gel 
process has the advantage that it is easier to be used to produce porous scaffolds 
that can retain the amorphous structure of the glass. The next section will provide 
more details about the sol-gel process and the bioactive scaffolds derived from 
this technique. 
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1.2. Sol-gel derived synthetic bone graft  
 
1.2.1. Sol-gel process  
 
The sol-gel process has a long history since it was applied by Ebelmen and 
Graham in the mid-1800s [45-47]. The sol-gel process, a wet-chemical technique, 
involves the conversion of monomers (colloidal powers or alkoxide precursors) 
dispersed in a solution (sol), to a final solid network (gel) [48, 49]. Compared to 
traditional melting, the synthesis of glass can be carried out at much lower 
temperatures using the sol-gel method [50, 51] and this can avoid crystallization 
of glass and make it feasible to produce a 3D porous glass template for bone 
regeneration.  
 
In general, the sol-gel process contains the following steps: sol preparation 
(mixing of components), gelation, aging, drying, stabilization and sintering [48, 
49]. The synthesis of sol-gel silica glass monolith through an acid catalyzed 
process is taken as an example herein. 
 
Sol preparation   The preparation of a silica glass sol involves mixing an 
appropriate silicon alkoxide (Si(OR)4, R is CH3, C2H5, C3H7 or C4H9) with water 
in an acidic condition. The alkoxide precursor subsequently hydrolyzes and 
produces silanol groups (Si-OH). Fig. 1.2a shows the hydrolysis of tetraethyl 
orthosilicate (TEOS) for example. 
 
Gelation   The resulting silanol groups undergo condensation reactions to 
produce siloxane bonds (Si-O-Si) (Fig. 1.2b) and, together with continuing 
hydrolysis of TEOS [52], more silanol groups are involved in the 
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Fig. 1.2. Schematic of mixing and gelation steps in the sol-gel process: (a) hydrolysis of TEOS to 
produce silanol groups; (b) subsequent condensation of silanol groups; (c) polycondensation 
process to form interconnected amorphous silica network.  
 
polycondensation process to form and expand the silica network (Fig. 1.2c). The 
increase of connectivity (the number of Si-O-Si bonds) of the silica network 
results in a more viscous and rigid sol and therefore the eventual formation of a 
gel [49]. Under acidic catalysis nanoparticles form, coalesce and bond together, 
leaving water in the interstices. Drying the gel leaves nanoporosity [53]. Several 
parameters can affect the structure and the properties of the final silica network 
such as use of a catalyst, the water/alkoxide molar ratio (also termed R ratio), the 
solution pH and the temperature [48, 52]. Therefore setting appropriate 
parameters is vital to obtain the desired glass gel structure for various 
applications. 
 
Aging   After the formation of a gel, the gel is maintained in a sealed 
environment and the polycondensation process continues to allow the further 
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development of the gel structure. The by-products of the condensation process 
such as water remain as pore liquid and syneresis takes place with the 
spontaneous drainage of pore liquid and the shrinkage of gel structure [48, 49]. 
This process results in an increase in the inter-particle neck thickness and 
therefore an improvement in the glass gel strength and stiffness. Temperature, 
time and pH can affect the gel structure during the aging process [33].  
 
Drying   The drying process involves the removal of the pore liquid to produce 
an interconnected silica nanopore network with pore sizes of 1~20 nm [48]. This 
stage can significantly affect the quality of the final product when conducted at 
ambient pressure due to large capillary stresses, leading to catastrophic glass gel 
cracking. Drying has to be carried out under carefully controlled conditions 
(leaving a xerogel, which is the most common method) or by applying 
hypercritical (supercritical) drying to avoid the liquid/solid interface. Supercritical 
drying produces a highly porous network (aerogel) without shrinkage [54]. In 
addition, the use of drying control chemical additives such as oxalic acid can 
reduce capillary stresses [55]. Homogeneous pore sizes can also be obtained by 
controlling the hydrolysis/condensation rates [49]. 
 
Stabilization and Sintering   During the stabilization process the connectivity 
of the silica gel network and therefore the mechanical properties such as density 
and strength can be further enhanced due to the decrease of non-bridging oxygen 
silicon bonding (Si-OH) at elevated temperatures [33, 49]. The subsequent 
sintering process at higher temperature can be used to reduce or eventually 
eliminate pores of the gel, resulting in the formation of a more dense glass. 
Compared to the melt-derived counterpart the sol-gel glass has a much higher 
specific surface area, due to the nanoporosity, and can be sintered at a much lower 
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temperature, due to the high surface area and presence of -OH groups disrupting 
the silicate network, which can avoid crystallization. In addition, the surface 
topography and chemistry of the sol-gel glass is shown to promote bioactivity and 
to have a higher degradation rate [48]. 
 
The next sections will give an introduction to the commonly used sol-gel bone 
grafts i.e. sol-gel bioactive glasses, and the optimized form i.e. inorganic/organic 
hybrids synthesized by the sol-gel route. 
 
1.2.2. Sol-gel bioactive glasses  
 
The first sol-gel derived bioactive glass composition was 58S (60 mol.% SiO2,  
36 mol.% CaO and 4 mol.% P2O5) produced by Li and his colleagues in 1991 [56] 
and since then various bioactive glasses have been developed through this route 
[41, 57-64].  
 
Sol-gel bioactive glasses can be obtained at much lower temperature, as described 
in the previous section, than their melt-derived counterparts. Thus there is no need 
to use modifiers (e.g. Na2O) to perform some functions such as decreasing the 
melting temperature [56, 65] and this provides the possibility of simplifying the 
glass compositions. A binary system 70S30C (70 mol.% SiO2, 30 mol.% CaO) is 
one such composition that can strongly bond to bone and stimulate bone 
regeneration [64]. In vitro studies of bioactive 70S30C glasses can facilitate a 
rapid HCA layer formation without the existence of phosphorous [66, 67]. In 
addition, sol-gel derived glasses can still maintain bioactivity with the silica 
content up to 90 mol.% whilst the melt-derived counterparts that contain the silica 
content over 60 mol.% are no longer bioactive [58, 59]. All of these indicate the 
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fact that a glass with enhanced bioactivity can be synthesized through the sol-gel 
process.  
 
This is attributed to the nanoscale textural topography of the sol-gel glass with 
nanopores of 2~50 nm, which results in a specific surface area two orders of 
magnitude higher compared to the melt-derived product of a similar composition 
[48, 60, 68, 69]. The nanoporosity leads to many silanol groups exposed on the 
surface, providing nucleation sites for HCA layer deposition. Therefore, such 
unique nanostructures enable better bioactivity, higher resorbability and stronger 
bone bonding capabilities of sol-gel glasses than those of traditional melt 
quenching glasses of similar compositions [60, 70].  
 
Sol-gel glasses can also be further improved by adding dopants to obtain some 
extra functions such as silver for antimicrobial properties [62, 71, 72]. Another 
major advantage is the feasibility of 3D scaffold fabrication. Sepulveda et al. 
developed the bioactive sol-gel glass foams with an interconnected macropore 
network in 2002, of which the pore sizes were sufficient for bone cell ingrowth 
and vascularization [44].   
 
Therefore, sol-gel bioactive glasses are promising materials for regenerating bone; 
however, they are brittle in nature and thus are not suitable for bone defect sites 
that are under cyclic loading [41]. As a consequence, a tougher material is needed 
but one that maintains all the beneficial properties of bioactive glass scaffolds. 
One strategy is to incorporate a degradable polymer into the glass to produce 
inorganic/organic hybrids to soften glass [13]. It is challenging for a conventional 
melt quenching method since high temperature can destroy the organic 
components of the hybrids. However, the sol-gel process, an initial room 
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temperature process, provides an opportunity to fabricate inorganic/organic hybrid 
materials [13]. 
 
1.2.3. Inorganic/organic hybrids 
 
There are two main categories of composites that toughen bioactive glasses with 
the polymer incorporation: conventional inorganic/organic composite and 
inorganic/organic nanocomposite [13, 41].  
 
Conventional inorganic/organic composites have two distinguishable phases such 
that biodegradable polymers act as the matrix with the impregnation of bioactive 
glass or ceramic particles. Polylactide (PLA), polyglycolide (PGA) and their 
copolymers (PLGA) are the most commonly used polymer matrix in these 
composites [73]. Several studies have revealed that such composites have 
enhanced mechanical properties; for example, commercially available 45S5 
Bioglass has been successfully softened either by particles being incorporated into 
PLGA [74, 75] or by being coated with poly(DL-lactide) (PDLLA) [76], showing 
the improvement of fracture resistance. However, it has also been reported that the 
compressive strengths of all the composites mentioned above were still similar to 
their pure polymer counterparts and therefore this limited their applications for 
load bearing bone regeneration. In addition, conventional composites have 
bioactive glass particles (bioactive phase) enclosed in the polymer matrix 
(non-bioactive phase) and this leads to a poor osteoprogenitor cell response [13, 
41]. The two different phases also cause different degradation behaviors and 
therefore scaffold instability and glass particle migration in vivo [77]. 
 
The development of inorganic/organic nanocomposites provides a strategy to 
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alleviate or even overcome these problems. It is inspired by human bone i.e. 
natural inorganic/organic (mainly HCA/collagen) nanocomposites with a 
hierarchical structure [78]. Nanocomposite materials have at least one phase at the 
nanoscale (< 100 nm) and can be produced by dispersing bioactive glass or 
ceramic nanoparticles into a polymer matrix [13, 41]. In this case host tissue/cells 
can interact with the material surface if bioactive particles are evenly distributed 
[79, 80]. However, it is challenging to obtain a homogeneous dispersion of 
nanoparticles with the same sizes [81]. In addition, incongruent degradation rates 
still occur between the distinguishable inorganic and organic components.  
 
Therefore, inorganic/organic hybrids, the optimized form of nanocomposite 
materials, are developed to improve the situation. In a hybrid the inorganic and 
organic components are not distinguishable above the submicron scale as they 
interact with each other and form an interpenetrating network at the molecular 
level through the sol-gel process (Fig. 1.3) [41, 82]. Hybrids that have covalent 
bonds between the organic and inorganic components (class II hybrids) have the 
potential to obtain enhanced mechanical properties such as high toughness and 
exhibit congruent degradation, where degradation of the inorganic and organic 
component occurs simultaneously [13, 41, 73, 82-87]. The single phase of a 
hybrid can also have the ability to retain bioactivity from bioactive glasses since 
host tissue/cells can contact both inorganic and organic components 
simultaneously as if it is one material [13, 41].  
 
The sol-gel process, which takes place at room temperature, enables the 
incorporation of polymer into the silica sol at the molecular level to synthesize 
inorganic/organic hybrids. Depending on the types of interactions between the 
inorganic and organic components, hybrids can be categorized into class I, where 
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Fig. 1.3. Schematic of the interpenetrating inorganic and organic networks of a class II hybrid 
material (Adapted from [13]). 
 
the reaction between two components could be through molecular entanglements, 
van der Waals forces and/or hydrogen bonding, and class II having covalent 
coupling between two components [87]. 
 
The interaction between the polymer and the silica network is weak in class I 
hybrids since the polymer bonds to the surface silanol groups of the silica network 
mechanically or through hydrogen bonding [13, 41]. Polyvinyl alcohol (PVA) is 
the commonly used polymer source in this class of hybrid [88, 89].  
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Class II hybrids can be synthesized either directly using a silane-containing 
polymer such as polydimethoxysilane (PDMS) or using a coupling agent to bridge 
the silica network and the polymer [13, 41]. 3-glycidoxypropyl trimethoxysilane 
(GPTMS) is one of the widely used coupling agents [82, 84, 90]. It contains an 
epoxy ring on one end for nucleophilic attack and three methoxysilane groups on 
the other end for silica condensation [91]. Therefore, GPTMS can be used to 
functionalize a polymer which contains nucleophilic groups through the epoxy 
ring and, meanwhile to be incorporated into the sol-gel process with the silica 
precursor through the hydrolyzed methoxysilane groups [13, 41]. By controlling 
the inorganic/organic ratio, the coupling degree (molar ratio of the polymer and 
GPTMS) and the molecular weight of polymer, hybrid properties such as 
mechanical properties and degradation rates can be tailored [82, 84, 90].  
 
However, careful considerations must be taken to obtain a successful sol-gel 
inorganic/organic hybrid for bone regeneration [13, 41]. One critical point is the 
selection of the polymer. The polymer, firstly, must be soluble in the sol-gel 
system. In addition, it must have the functional groups which can covalently link 
to the coupling agent. Polymers containing nucleophilic groups such as –OH, 
–COOH or –NH2 groups are the promising options. Also, the polymer must have a 
controllable and stable degradation rate. Polymers exhibiting autocatalytic 
degradation are not ideal for hybrid synthesis as they can be susceptible to a 
change of pH and may rapidly degrade thus leading to the rapid loss of 
mechanical properties [13, 41, 92]. As a consequence, most FDA-approved (the 
US Food and Drug Administration) polyesters are not in the list since they are 
generally insoluble in water (the most common solvent in the sol-gel system) and 
degrade by self-hydrolytic action [13, 41]. Therefore, polymers conducting 
enzymatic degradation are desirable due to the linear degradation rate [41]. 
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Various polymers have been selected to successfully obtain sol-gel 
inorganic/organic hybrids with silica such as poly(methyl methacrylate) (PMMA) 
[93], gelatin [82, 91, 94], poly(γ-glutamic acid) (γ-PGA) [84, 90, 95]. For bone 
regeneration, calcium incorporation into synthetic bone grafts is also an important 
step since calcium is vital for the formation of the hydroxycarbonate apatite (HCA) 
layer, which can work together with silicon to stimulate new bone tissue 
formation [22, 90, 96, 97]. However, it is challenging to incorporate calcium 
effectively into a hybrid at low temperature. Calcium nitrate (Ca(NO3)2) is a 
widely-used calcium source for sol-gel bioactive glasses but toxic nitrate 
by-products can form during the synthesis [40, 98]. The removal of the 
by-products occurs above 600 ºC and a temperature of 400 ºC is required to 
incorporate calcium into the silica network [96, 97]. At such a high temperature, 
the polymer matrix of the inorganic/organic hybrids will be destroyed and thus 
other calcium sources and methods of introducing calcium at low temperature are 
needed.   
 
As one of the polymers suitable for hybrid functionalization, γ-polyglutamic acid 
(γPGA) is a natural biopolymer which has been proved to be safe to the human 
body and can conduct enzymatic degradation [99, 100]. γ-PGA is found naturally 
in the free acid form and cannot be dissolved in water without any modification 
[100]. Recently, Poologasundarampillai et al. have fabricated calcium-containing 
silica/γPGA hybrids using the free acid form of γPGA with dimethylsulfoxide 
(DMSO) as the solvent and calcium chloride (CaCl2), which has been used in 
several hybrid systems previously [84, 95, 101-103], as the calcium source [84, 
95]. However, γ-PGA can be made soluble in water by reacting it with Ca(OH)2 to 
achieve the calcium salt form of the polymer. Valliant et al. introduced the 
calcium salt form of γPGA where γPGA can be water soluble in such a state and 
34 
 
Imperial College London                                   Chapter 1 
homogeneous silica/calcium-salt γ-PGA (γ-CaPGA) hybrids were obtained [90]. 
In both cases, glycidoxypropyltrimethoxy silane (GPTMS) was used for covalent 
coupling with the γ-PGA through the reaction between the open epoxy ring of the 
GPTMS and the carboxylic acid group of the γ-PGA [84, 90, 95]. Therefore, both 
of the hybrids fabricated by these two methods have a similar expected chemical 
structure (Fig. 1.4). However, it was observed that for the DMSO samples the 
calcium was phase separated from the silica network since the components in 
hybrids cannot be homogenously dispersed in DMSO [84], whilst both silicon and 
calcium were evenly distributed throughout the hybrids when using the calcium 
salt form of γ-PGA [90], which is promising for calcium incorporation. 
 
 
Fig. 1.4. Schematic for the expected structure of the calcium-containing silica/γ-PGA hybrid. 
 
Chitosan, a natural polysaccharide that has been widely used in biomedical field, 
and is also promising for the sol-gel hybrid synthesis [104]. In the next section 
chitosan and its applications in bone regeneration will be detailed. 
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1.2.4. Chitosan 
 
Chitosan, the partially or fully deacetylated form of chitin (the second most 
abundant natural polymer next to cellulose), is a linear polysaccharide consisting 
of D-glucosamine (deacetylated unit) and N-acetyl-D-glucosamine (acetylated 
unit) (Fig. 1.5) [104-106]. In general, the phrase “chitosan” is used when the 
degree of deacetylation (DD) exceeds 50% [107, 108]; however, this value is still 
in debate as some researchers have suggested 40% or 60% [109, 110]. The 
variable degree of deacetylation results in a heterogeneous structure for the 
chitosan and it can significantly affect the chitosan crystallinity [111]. Therefore, 
chitosan is a semicrystalline polymer and the maximum crystallization can be 
obtained with fully deacetylation whilst the lowest crystallization occurs at 
intermediate deacetylation degrees [111]. This is due to the increasing number of 
random interactions between molecules chains with less crystallinity [112].  
 
 
Fig. 1.5. Schematic of chitosan structure with the deacetylated unit (left) and acetylated unit 
(right). 
 
Chitosan has numerous advantages for a desirable biomaterial to be used in 
biomedicine [113]. As the deacetylated derivative of chitin, chitosan is abundant 
source and is easily reproducible as well as being non-toxic and enzymatically 
biodegradable (e.g. chitosan can be degraded by lysozyme in human body) [114, 
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115]. Compared to the chitin insolubility, the free amine groups from the 
deacetylated units, which have a pKa value of ~6.3, allow chitosan to dissolve in 
diluted aqueous acidic solvents due to the protonation of the amine groups [111]. 
The amine groups become completely protonated and positively charged in acids 
with pKa smaller than 6.2, resulting in the water-soluble chitosan polyelectrolyte 
[116].  
 
The favorable solubility and cationic property enables more comfortable synthesis 
and incorporation of chitosan into different systems to obtain various biomaterials 
for a variety of applications, compared to that of insoluble chitin. For example, the 
cationic nature may be related to the antibacterial and antimicrobial characteristics 
of chitosan [117]. This could be due to the positive charges with a high affinity for 
the anionic cell membranes of bacteria/microorganisms, resulting in the leakage of 
intracellular constituents, the blockage of nutrient flow or the disruption of cell 
membranes [118, 119]. Therefore chitosan based materials can provide 
antibacterial and antimicrobial environment in tissue engineering.  
 
In addition, cationic chitosan can bind some negatively charged molecules such as 
glycosaminoglycans (GAGs) and proteins, which can facilitate cell adhesion and 
proliferation [120]. The hydrophilic surface of chitosan also promotes cell 
attachment [114, 121]. It has been reported that chitosan can stimulate 
osteogenesis in vitro and in vivo and therefore is a promising material for bone 
regeneration [103, 122-125]. Furthermore, the unique cationic nature allows 
immune-enhancing properties of chitosan due to the attraction to neutrophils and 
macrophages [126-128].  
 
As a consequence, chitosan has the potential for numerous applications in the 
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biomedical field. Fig. 1.6 shows the publications associated with the usages of 
chitosan in orthopedics implants and surgery, and dramatic increases can be 
observed over the past thirty years. Therefore, chitosan has been playing a pivotal 
role in biomedical applications. 
 
 
Fig. 1.6. Chitosan publications over the past thirty years. Chart returned when queried with the 
topic “chitosan” and refined by the research areas “Dentistry oral surgery medicine OR 
Orthopedics OR Transplantation OR Surgery”, as the number of chitosan publications in each year 
(http://apps.webofknowledge.com/  data was collected on 02-Sep-2013). 
 
One criterion for polymer selection for tissue regeneration is that the polymer 
should degrade at a rate similar to that at which the host tissue grows [13, 41]. 
Chitosan is a promising material as it is biodegradable and the degradation rate 
can be controlled by several factors such as the degree of deacetylation, the 
average molecular weight (Mw) and the distribution of acetylated units along the 
chitosan chain [111, 129]. A higher degree of deacetylation (and therefore higher 
degree of crystallinity) and a longer chitosan chain (and therefore larger molecular 
weight) result in lower rates of enzymatic degradation [130, 131]. The degradation 
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kinetic is also lower with a more homogeneous distribution of acetyl groups 
(distribute randomly rather than in successive order) [132].  
 
The degradation rate can affect the chitosan biocompatibility since an 
inflammatory response can occur at very fast rates of degradation due to the 
accumulation of the amino sugars [111]. Therefore, it is vital to adjust the 
parameters for various applications. Aranaz et al. proposed that when chitosan is 
produced as a scaffold for tissue engineering, the degree of deacetylation should 
be around 85% for enhanced cell proliferation and optimal scaffold structure, and 
high Mw chitosan should be used for prolonged biodegradation [111]. 
 
The solubility and the controllable degradation capability make chitosan 
promising to be incorporated into a hybrid as a polymer component through the 
sol-gel processing route. Liu et al. produced GPTMS/chitosan hybrids with 
improved thermal stability and low degree of swelling in water [133]. GPTMS 
was used as both an inorganic source and a coupling agent in this case and it was 
shown to covalently bond to the chitosan through the amine groups. Further work 
was done by Shirosaki et al. with the incorporation of soluble calcium chloride to 
investigate the influence of calcium on cell adhesion and differentiation in vitro 
[103]. The molar ratio of chitosan to GPTMS to calcium was 1 : 1 : 0.5. The 
results showed that the GPTMS/chitosan hybrids had higher adhesion and 
proliferation of the osteoblastic cells MG63 than the chitosan membranes did; 
however, the hybrids without calcium had better performances than the 
calcium-containing hybrids, which is contrary to expectations. It may be because 
the high calcium concentration caused cytotoxicity near the hybrid surface [103] 
or due to calcium being released rapidly, causing a spike in high pH, since the 
calcium was not incorporated in the silicate network. Incorporation of calcium 
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into the network would allow a sustained calcium release. In 2009 Shirosaki et al. 
evaluated in vitro the physico-chemical properties and the osteocompatibility of 
the GPTMS/chitosan hybrids by altering the concentrations of GPTMS [124]. The 
Young’s modulus showed an increase from 2.7 MPa to 4.8 MPa when increasing 
the GPTMS content from 9 to 33 mol.%. However, this elastic modulus is still at 
least three orders of magnitude less than that of trabecular and cortical bone 
(18~20 GPa), and is therefore unsuitable for bone defects under cyclic loading 
[13]. Regarding the adhesion and proliferation of the MG63 osteoblast cells, these 
GPTMS/chitosan hybrids performed better than the chitosan membranes, 
regardless of the GPTMS concentration. Human bone marrow osteoblast cells 
were shown to proliferate on the hybrid surface with considerable globular 
structures of calcium phosphate forming i.e. the formation of mineralized cell 
layers [124]. This suggests that such GPTMS/chitosan hybrids are promising for 
use as bone regenerating materials.  
 
One major drawback of all the aforementioned chitosan hybrid materials is the use 
of GPTMS as the only inorganic source. The coupling degree (molar ratio of 
chitosan to GPTMS) can be used to alter the degradation rate and the mechanical 
properties of hybrid. However for these hybrids, adjusting the GPTMS content 
also means changing the inorganic/organic ratios simultaneously; therefore, 
independent control of composition is needed [13]. Using a separate silica 
precursor is one solution [82]. As a consequence, in this thesis class II 
silica/chitosan hybrids with a controlled inorganic/organic weight ratio and with a 
tailorable coupling degree have been developed by introducing TEOS as the 
separate silica source into the GPTMS/chitosan hybrid sol, thereby successfully 
tailoring the degradation and mechanical behaviors of hybrid. 
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Fig. 1.7. SEM images of freeze-dried GPTMS/chitosan scaffolds obtained at −20 ºC (left) and at 
−85 ºC (right) (Adapted from [125]). Smaller pore sizes can be observed at lower freezing 
temperature −85 ºC. 
 
GPTMS/chitosan hybrid membranes have shown excellent cell response; however, 
the materials should be fabricated as three-dimensional templates for bone cell 
migration and vascularization [24, 134]. Shirosaki et al. produced porous 
GPTMS/chitosan hybrid scaffolds using the freeze drying technique (Fig. 1.7) 
[125]. The pore size was found to be strongly dependent on the freezing 
temperature i.e. smaller pore sizes were achieved at a lower freezing temperature 
(~110 μm at −20 ºC and ~50 μm at −85 ºC). Osteoblastic cells MG63 were 
cultured on the freeze-dried hybrid scaffold obtained at −20 ºC for up to 7 days. 
The cells were observed to migrate deep into the scaffold pores and attach and 
proliferate on the pore walls, suggesting that the porous structure had sufficient 
pore sizes to promote cell ingrowth [125]. Therefore, designing a 3D scaffold as a 
template is vital to obtain a desirable material for bone regeneration.  
 
In the next section various porous scaffold fabrication techniques will be 
introduced and finally freeze casting, a promising method to obtain oriented 
porous scaffolds, will be described. 
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1.3. Porous scaffold fabrication from sol-gel 
methods 
 
An ideal tissue-engineered scaffold allows for cell in-growth, vascularization, and 
transport of nutrient and waste amongst other properties [24, 134]. As a 
consequence, it is vital to design a porous scaffold with a desirable pore size, 
porosity and microstructure [42]. For bone regeneration, the scaffold should be an 
interconnected pore network and the porosity and the pore size should be 
sufficient to enable new bone tissue and blood vessels to penetrate so that newly 
grown bone can survive [41, 135-138]. However, the size of the most favorable 
pore dimension is still in debate. Generally osteogenesis requires a larger pore size 
for vascularization and smaller pores can induce osteochondral ossification, 
depending on the selection of biomaterials and the pore geometry [139]. A 
minimum pore size of 100 μm has been reported in the earlier studies for bone cell 
ingrowth [39, 140-142] whilst more recent work have shown that pore sizes 
varying from 200 to 600 μm can optimize cell migration [135, 138, 143-145] and 
that the interconnected pore size is required to exceed 200 μm [146-148]. In 
addition, high porosity and interconnectivity can facilitate the exchange of 
nutrient, oxygen, metabolic wastes and molecular signaling and thus cell 
proliferation [14, 139, 149-153].  
 
However an increase of the pore size and porosity can weaken the mechanical 
properties of a scaffold [154] and an ideal scaffold should possess mechanical 
properties similar to the host tissue [13, 41]; thus, there should be a balance in the 
scaffold fabrication. In addition, the geometry of the scaffold is another important 
factor when fabricating a porous scaffold. A large surface area can promote cell 
ingrowth, adhesion and proliferation [73, 155, 156]. Therefore, careful 
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considerations should be taken to design a porous bone scaffold. So far numerous 
porous scaffold fabrication techniques have been developed for bone regeneration 
such as the gas foaming technique [40, 82, 157], Solid Free-form Fabrication 
(SFF) [145, 158-164] and the Thermally Induced Phase Separation technique 
(TIPS) [165-177].  
 
1.3.1. Gas Foaming 
 
In the gas foaming technique, a scaffold with a cellular structure can be 
synthesized by introducing gas bubbles into a liquid media or slurry, followed by 
the stabilization of the gas bubbles to maintain the pore structures and then a 
drying/heating process to remove the bubbles. The whole process is convenient, 
fast and organic solvent free at room temperature [178]. However, shrinkages or 
cracking may take place due to possible particle rearrangement within the foam 
[179]. For bone regeneration, bioactive sol-gel derived glasses have been 
successfully synthesized as three-dimensional scaffolds by this method. One such 
product is bioactive sol-gel 70S30C glass foam with interconnected macropores of 
over 100 μm [44, 180]. Fig. 1.8 shows the structures of both 70S30C foam and 
human trabecular bone and reveals that the 70S30C porous structure is similar to 
that of trabecular bone [180]. As a consequence, this has the potential for bone 
cell ingrowth and vascularization and it has been reported that preconditioned 
sol-gel 70S30C glass foam has the ability to stimulate bone growth without the 
use of growth factors, which is impressive as a bone regenerating material [42, 
181-183]. Mahony et al. applied the sol-gel foaming process combined with the 
freeze drying step to silica/gelatin hybrid sols and successfully obtained highly 
porous silica/gelatin hybrid scaffolds with an interconnected pore network [82], 
which also had a similar architecture of trabecular bone (Fig. 1.9). This implies 
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that the gas foaming technique is well suited and compatible to the 
inorganic/organic hybrid scaffold fabrication.  
 
 
 
Fig. 1.8. X-ray micro-computed tomography (μCT) images of (a) human trabecular bone, and (b) 
a bioactive sol-gel 70S30C glass foam (Adapted from [180]).  
 
 
 
Fig. 1.9. SEM image of a silica/gelatin hybrid scaffold fabricated by the sol-gel foaming and 
freeze drying technique (Adapted from [82]), showing an interconnected highly porous network. 
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1.3.2. Solid Free-form Fabrication (SFF) 
 
This technique is also termed Rapid Prototyping (RP) technique or Additive 
Manufacturing and has the ability to manufacture a 3D scaffold with complex 
architectures in a layer-by-layer manner, with the control of the computer-aided 
design (CAD) datasets [145, 164, 184, 185]. There is no need for molds or dies to 
confine materials during the fabrication process and a scaffold structure can be 
easily designed for a specific application simply by modifying the data file. 
Various RP techniques have been developed such as Fused Deposition Modeling 
(FDM), Indirect Casting (IC), Robocasting, Selective Laser Sintering (SLS), 
Stereolithography (SLA) and Three-dimensional Printing (3DP) [162, 184, 185]. 
Fu et al. have successfully obtained porous bioactive 6P53B glass scaffolds (in 
mol.%: 51.9 SiO2, 9.8 Na2O, 1.8 K2O, 15.0 MgO, 19.0 CaO and 2.5 P2O) with a 
compressive strength of 136 MPa and a porosity of 60% through the Direct Ink 
Writing technique, suggesting a great potential for bone regeneration [186]. 
However, improving the resolution at the microscale is required for the 
optimization of these techniques. Sol-gel glasses and hybrids could theoretically 
be printed directly from the sol, which would gel after printing, but the technique 
has not yet been optimized.  
 
1.3.3. Thermally Induced Phase Separation (TIPS) 
 
In the Thermally Induced Phase Separation (TIPS) technique, a 3D porous 
scaffold can be fabricated by immersing a polymer into a solvent which is easier 
for sublimation, followed by the quenching process for solidification and the 
vacuum drying process to remove the solvent. During the quenching process, a 
polymer-rich phase and a polymer-poor phase form due to the thermal instability. 
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Both phases solidify but the polymer-poor phase will sublime with vacuum-drying, 
leaving a highly porous polymer network [187]. By adjusting the process 
parameters such as the polymer concentration, the cooling temperature and the 
cooling rates the pore size/morphology of the resulting scaffold can be controlled.  
 
Most of the scaffolds synthesized by the techniques described above have an 
isotropic microstructure. However, the structure of human bone is complex and 
oriented from site to site, resulting in anisotropic mechanical properties. Therefore, 
fabricating a scaffold with a unidirectional microstructure would be promising for 
mimicking natural bone. The development of the freeze casting technique 
provides a strategy to achieve this purpose and several studies have been 
conducted with polymeric or ceramic materials using this method [165-175]. 
Freeze casting, a variant of TIPS, has been invented to successfully obtain tough 
scaffolds with aligned structures for bone regeneration [166-172, 174-176]. More 
details of the freeze casting technique will be presented in the next section 1.3.4.  
 
1.3.4. Freeze casting 
 
Freeze casting was initially identified as a near net shape forming technique to 
produce dense ceramics with minimal shrinkage by Maxwell et al. in 1954 
[188-191]. This was the main application of freeze casting, however more recently 
significant progress has been achieved on the successful fabrication of ceramics 
with tailored pores and porosity by Fukasawa et al. [192, 193], Zhang et al. [166], 
Deville et al. [167, 168], etc. Numerous research studies on this technique have 
been conducted and the potential for biomaterial application has been shown to be 
promising [189, 191, 194].  
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Typically freeze casting is a simple process (Fig. 1.10) that involves (i) 
solution/slurry preparation in which the polymer solution or ceramic suspension is 
prepared by dispersion of polymer or ceramic particles into a solvent; (ii) 
solidification in which the obtained solution/slurry is cast in a mold and frozen in 
this stage, and finally (iii) sublimation, where the frozen solvent is lyophilized 
under vacuum, leaving the pore structure as a replica of the solvent crystals [189]. 
For freeze cast ceramic materials, sintering is followed by the sublimation process 
to consolidate the ceramic struts and tougher ceramic scaffolds are therefore 
acquired [190]. In hybrids and polymers they must gel or crosslink before the 
sublimation occurs. 
 
 
 
Fig. 1.10. Typical processing steps of freeze casting using water as the solvent: solution/slurry 
preparation, solidification and sublimation (Adapted from [189]). 
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A unique feature using the freeze casting technique is the ability to obtain 
directional pore architecture under proper freezing conditions [194]. As a 
consequence, the solidification procedure is the most crucial stage during freeze 
casting since the morphology of the growing frozen crystals in this process mainly 
determines the final pore structure and porosity of the product [191]. The 
mechanism of the porous structure formation involves the physical interactions 
between the approaching liquid/solid interface of the frozen solvent front and the 
particles (Fig. 1.11) [189]. During solidification the particles in the solvent can 
either be rejected or be entrapped by the growing frozen solvent front. The 
rejection and the engulfment of a particle depend on the velocity of frozen crystal 
growth and two opposing forces imposed on each spherical particle i.e. an 
attractive force and a repulsive force [189]. The attractive force drags a particle 
towards the liquid/solid interface whilst the repulsive force expels the particle 
from the interface to remain in the liquid phase, which is due to the resistance of 
the system against a change in the surface energy [189].  
 
This can be explained by a simple thermodynamic criterion that a particle can 
only be rejected when the free energy of the system Δσ0 is positive [190, 195]. 
 
Δσ0 = σps – (σpl + σsl) > 0                    (1.1) 
 
where σps, σpl and σsl are the interfacial free energies between the particle and the 
solid, the particle and the liquid and the solid and the liquid, respectively. 
 
Fig. 1.11 shows that a liquid film of a thickness d forms between the frozen 
solvent front and the rejected particles. Such a liquid film can maintain the 
transport of molecules towards the solidification front and the film thickness 
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decreases with the increase of the velocity of the front [189, 190]. When the front 
velocity exceeds a critical value (the critical velocity of the frozen front vc), 
particles will be engulfed by the growing crystal since the thickness of the liquid 
film is insufficient to allow the necessary flow of molecule to keep the frozen 
front growing behind the particle [189, 190].  
 
 
Fig. 1.11. Schematic of the interaction between the growing frozen solvent front and the particles. 
Here r is the radius of the particle; d is thickness of the liquid film between the particle and the 
solidification front; v is the velocity of the growing front; Fη is the attractive force and FR is 
repulsive force (Adapted from [189]). 
 
The breakdown of the frozen solvent front to a non-planar morphology is also 
compulsory for the formation of a porous structure; otherwise all the particles are 
repelled by the planar front towards one side, resulting in a dense pack of the 
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material after sublimation [190]. As a consequence, in order to obtain a porous 
freeze cast scaffold, the rejection of particles and the subsequent particle 
redistribution between the adjacent frozen fronts must occur. The eventual pore 
architecture is therefore significantly governed by the morphology of the frozen 
crystals and is largely independent of the material nature that is used [194]. 
 
In this respect, proper control of the freezing conditions can produce a material 
with well-defined directional microstructures [191]. For example, by applying a 
temperature gradient from the bottom of a mold to the top, the frozen solvent front 
would favor the anisotropic growth along the gradient direction, resulting in a 
final product with elongated and continuous porosity parallel to the freezing 
direction [194]. The freezing/cooling rate is also one of the most common 
parameters for pore control [194]. Finer microstructures and pores can be obtained 
with a faster freezing rate whilst a lower cooling rate leads to larger pore sizes 
[168]. This is due to the fact that during solidification particles in the solvent have 
more time to arrange and pack at lower cooling rate, resulting in higher crystal 
growth rate than the nucleation rate and therefore the increase of pore size [191]. 
 
One major factor affecting the final pore morphology of a freeze cast scaffold is 
the selection of a solvent since the final porous structure is a negative replica of 
the frozen solvent crystals [190]. Water is the most commonly used solvent in the 
freeze casting technique with numerous advantages such as its convenience of use, 
its use as an initial room temperature process and the fact that it is 
environmentally friendly [194]. Freeze cast scaffolds using water as the solvent 
can obtain a lamellar microstructure along the freezing direction. The theory 
behind this is the anisotropic growth kinetics of ice crystals (the solid state of 
water) [194]. Hexagonal ice (Fig. 1.12a) is the most common ice crystal structure 
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and when water is solidified into anisotropic hexagonal ice crystals (Fig. 1.12b) 
the ice growth velocity along the a-axis is 102 to 103 times faster than that 
perpendicular to it (along the c-axis) [191]. This results in the lamellar ice crystals 
and the eventual formation of lamellar scaffold structures (Fig. 1.12c). 
 
 
Fig. 1.12. The mechanism of lamellar structure formation induced by ice: (a) crystal structure of 
ice; (b) anisotropy of ice crystal growth kinetics showing the preferred ice growth along a-axis and 
(c) the final lamellar structure of a porous ceramic scaffold obtained after sublimation of ice and 
sintering (Adapted from [190]). 
 
The unique anisotropic porous structure is one important advantage of freeze cast 
scaffolds since it can yield an anisotropic mechanical response, where a scaffold 
should be stronger and stiffer along the freezing direction with highly aligned 
microstructures [194]. Therefore the freeze casting technique is promising for 
load bearing applications and sites that might require a material with different 
properties in one direction compared to the perpendicular direction. Significant 
progress has been made on some intrinsically weak ceramics such as 
hydroxyapatite (HAP) [190]. Deville et al. fabricated freeze cast HAP scaffolds 
with enhanced compressive strength of the values up to 145 MPa at 47% porosity 
after sintering by increasing the slurry concentration [168]. Mechanical properties 
can be tailored by adjusting several parameters during freeze casting such as 
freezing rate i.e. higher cooling rate leads to finer structures and therefore higher 
(a)  Crystal structure of ice (b)  Morphology of growing crystals (c)  Resulting porous structure
1 mm
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compressive strength along the freezing direction, and temperature gradient 
direction, which affects the directionality of oriented pore walls [194]. 
 
Freeze casting is a physical process and is thus applicable to any type of ceramic 
or polymeric material [194]. In addition, complex and fine scaffold structures can 
be obtained with a simple equipment so it is a cost effective procedure [191].  
 
Water as the solvent also enables the combination of the freeze casting technique 
and the sol-gel process to obtain freeze cast sol-gel inorganic/organic hybrid 
scaffolds. Therefore, one main aim of the PhD projects presented in this thesis is 
the fabrication of sol-gel silica/chitosan hybrid scaffolds through the freeze 
casting route. The heterogeneous microstructures, unique mechanical 
performances and other relevant properties, i.e. the development of such freeze 
cast hybrids, will be discussed in Chapter 5. 
 
 
1.4. Characterization methodology  
 
Once a final product is obtained, it is essential to characterize the biomaterial to 
determine whether its properties are suitable prior to implantation. Therefore, 
various characterization techniques are employed together to provide a 
comprehensive evaluation. 
 
The common methodologies used to evaluate sol-gel bioactive materials can be 
grouped into categories according to the type of information they provide. They 
include optical microscopy, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), atomic force microscopy (AFM) and X-ray 
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micro-computed tomography (μCT) which are all used to observe material 
microstructures and nanotextures. Nitrogen adsorption, mercury intrusion 
porosimetry (MIP) and helium porosimetry are used to obtain scaffold pore sizes 
and porosity and Fourier transform infrared (FTIR), X-ray diffraction (XRD) and 
nuclear magnetic resonance (NMR) spectroscopy are used to analyze chemical 
structures. Thermogravimetric analysis (TGA), differential scanning calorimetry 
(DSC) and inductive coupled plasma-optical emission spectroscopy (ICP-OES) all 
offer information to evaluate the thermal and dissolution degradation of materials 
and compression testing is used to measure the mechanical properties. Finally of 
course, bioactivity testing may be conducted using techniques such as simulated 
body fluid (SBF) soaking and in vitro cell testing. 
 
It is also vital to understand the distribution of critical elements and compounds 
throughout the synthetic bone implant since many important reactions occurring at 
the implant/tissue interface are significantly affected by implant surface properties 
[196, 197]. Therefore, knowledge of the species homogeneity at the implant/tissue 
interface will facilitate the understanding of the physicochemical reactions such as 
the implant bonding capability with bone [198].  
 
One of the most commonly used analytical techniques is energy dispersive X-ray 
spectroscopy (EDXS) since it is easily accessible, convenient to manipulate and 
generates data rapidly. In general, it is a complimentary technique to SEM or 
TEM. X-ray photoelectron spectroscopy (XPS) is also a widely used analytical 
tool and quantitative analysis is available. The elemental distribution, empirical 
formula, and chemical and electronic states of the elements within materials can 
be obtained by XPS [199]. Particle-induced X-ray emission (PIXE) associated 
with Rutherford backscattering spectroscopy (RBS) can detect major, minor, and 
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trace elements as well as elemental mapping and quantification [200]. However, 
the information on compound species cannot be obtained by the aforementioned 
techniques, which is a limitation for biological and organic materials. 
 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is a powerful tool 
for chemical analysis that acquires secondary ions as information, which can be 
generated by applying a primary ion beam to bombard a sample surface, from the 
top two atomic layers of the surface (high surface sensitivity). One major 
advantage using ToF-SIMS over other analytical techniques is its ability to detect 
all the elements and even compounds in the periodic table. In addition, trace 
element detection (up to the range of ppb) is also applicable [201-203]. The 
distribution of secondary ions can be obtained laterally over the surface 
(secondary ion mapping), and can also be acquired in depth in ToF-SIMS by 
introducing a second ion source for etching the material (depth profile) to analyze 
the chemical information within materials [201-205]. Excellent mass resolution  
(> 10,000 m/∆m) can be achieved to distinguish species at nominally the same 
masses in polymeric materials and the development of cluster ion beams provides 
the possibility of molecular depth profiling [206-211]. ToF-SIMS is playing a 
critical role in the biomaterial and biological fields and several studies related to 
bone regeneration have been done [90, 96, 212-218]. 
 
Therefore, the research program here has focused on application of the ToF-SIMS 
technique to evaluate and compare various sol-gel silica-based bone scaffolds i.e. 
bioactive glasses and inorganic/organic hybrids. The SIMS data has been used to 
optimize the sample synthesis and processing routes, thereby facilitating the 
development of these biomaterials.  
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For bone regeneration, an important step is introducing calcium into hybrids at 
low temperatures since calcium incorporation is important due to the fact that it 
can facilitate the formation of the hydroxycarbonate apatite (HCA) layer, which 
has a great influence on stimulating new bone formation [96]. Understanding the 
distribution of critical elements (e.g. silicon and calcium) within silica-based bone 
scaffolds synthesized by different methods is central to the optimization of these 
materials.  
 
As a consequence, the aim of this interdisciplinary study is to apply the ToF-SIMS 
technique to investigate various sol-gel silica/γ-polyglutamic acid (γ-PGA) 
hybrids systems with different ways of introducing calcium, thereby tailoring and 
optimizing hybrid syntheses and processing routes. Dimethyl carbonate (DMC) 
was used to improve the inorganic/organic coupling and the calcium chelation 
ability, and its influence on the homogeneity in the synthesis process was also 
examined here. The relevant content will be detailed in Chapter 3. 
 
However, SIMS is a surface sensitive technique and thus the accuracy of SIMS 
results is topography dependent to some extent. Roughness in the sample surface 
can deteriorate and even, sometimes, destroy the information in the results. 
Therefore, sample preparation should be well considered to ensure a flat sample 
surface for SIMS analysis. 
 
The silica/γ-PGA hybrids analyzed by SIMS in Chapter 3 were monolithic forms 
and thus the sample surface can be flattened simply by grinding. For tissue 
regeneration, 3D porous scaffolds are nevertheless preferred for cell in-growth 
and vascularization [24, 134], which are challenging for the SIMS technique. For 
example, scaffolds fabricated by the sol-gel foaming process have interconnected 
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pore networks (Fig. 1.13), which imposes an extreme difficulty for SIMS analysis 
unless the sample is modified. To overcome this problem two experimental 
methodologies have been developed. The first method Mark & Map involved the 
use of the focused ion beam (FIB) technique to obtain clear images of the regions 
of interest and subsequently locate them by introducing fiducial marks; the 
samples were then analyzed using the ToF-SIMS technique to yield the chemical 
analyses of the regions of interest. The second method Soak & Solid involved 
impregnating the pores using a suitable reagent so that a flat surface could be 
achieved, and this was followed by secondary ion mapping and 3D chemical 
imaging with ToF-SIMS. Sol-gel 70S30C foams, electrospun 70S30C fibers and 
calcium containing silica/gelatin hybrid scaffolds were studied to verify the 
feasibility of these methods in this work and will be discussed in Chapter 4.  
 
Fig. 1.13. X-ray micro-computed tomography (µCT) image of a bioactive 70S30C glass foam 
scaffold (Adapted from [219]). 
 
The next chapter will provide the background knowledge of SIMS in this thesis 
and a comprehensive review associated with this technique will be provided.
500 µm
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Chapter  2 
Secondary Ion Mass Spectrometry 
Background 
 
 
2.1. Introduction 
 
The surface of a biomaterial controls many of material properties and it is the 
composition and structure of the surface that gives rise to the sequence of 
biological phenomenon when a biomaterial is implanted in a human body [220]. 
Therefore, fully understanding the surface and its interaction with the 
surroundings is of fundamental importance and facilitates, in return, the tailoring 
and the optimization of biomaterials. This includes the ability to determine the 
chemical composition, the chemical and molecular structure and the physical 
topography on the surface. However, a question arises about what a surface is and 
how to define a surface. In general, a surface can be considered as three regimes 
[221]: the top atomic monolayer which is the immediate interface with the outer 
environment; the top 2~10 atomic or molecular layers i.e. 0.5~3 nm which 
strongly influences the structure and chemistry of the first monolayer; and the thin 
films within 100 nm that are fabricated to modify the properties of the surfaces. 
The properties of the region beyond 100 nm are, however, more suitably regarded 
as those of the bulk solid. It therefore requires surface-sensitive techniques since 
the surface properties of a biomaterial are invariably different from its bulk 
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counterparts. Techniques such as Auger electron spectroscopy (AES), reflection 
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron 
spectroscopy (XPS), and secondary ion mass spectrometry (SIMS) are well 
established surface analytical methods for biomaterial research, however, the fact 
is that no one technique is competent in obtaining all the information on different 
materials since each technique has its own strengths and weaknesses. It, thus, 
requires a combination of various techniques in a complementary way. 
 
 
Fig. 2.1. The surface of a sample is bombarded by a primary beam with sufficient energy to bring 
about a so-called collision cascade process. The energy is high enough to enable surface atoms and 
molecular compounds to overcome the surface binding energy, thereby releasing them from the 
surface region. However, only a small proportion (10-6~10-1) of them is ionic and it is these 
positive or negative secondary ions that are mass analyzed for results. 
 
Secondary ion mass spectrometry (SIMS), which offers high surface sensitivity i.e. 
up to parts per billion (ppb), a lateral resolution of 5 nm (with a finely focused 
primary ion beam) and sub-nanometer depth resolution [202], is an excellent 
surface analysis technique widely used in many areas. Since the static SIMS 
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technique was first introduced by A. Benninghoven at the University of Münster 
in the early 1970s, SIMS has been playing a pivotal role in surface 
characterization [222, 223]. Before that, chemical information was impossible to 
obtain on the intact surface of a sample because of the destructive property of 
SIMS. The basic principle of SIMS is that the surface of a sample is bombarded 
by a primary beam with sufficient energy to bring about a collision cascade 
process (Fig. 2.1). The energy from primary ions is transmitted through the 
particles in the sample in the form of a series of collisions. The energy is high 
enough, generally in the range of 250 eV to 30 keV [202], to enable surface atoms 
and molecular compounds to overcome the surface binding energy, thereby 
releasing them from the surface region. Although over 95% of the emitted 
fragments comes from the top two layers (information depth) of the surface in the 
SIMS technique [224, 225], only a small proportion (10-6~10-1) of them are ionic 
[220], whilst most are neutral in charge. Furthermore, it is these positive or 
negative secondary ions that are mass analyzed for results. According to the 
different mass-to-charge ratios of ions, elemental and molecular information about 
a surface is received by the subsequent mass analysis.  
 
However, these results are at the expense of damaging the surface. To maintain the 
surface in an undamaged state and enhance the secondary ion yield, the ‘static 
SIMS’ mode emerged, in which the primary beam dose is kept below 1013 ions 
cm-2 i.e. low flux density (< 1 nA cm-2) [205], to prohibit it from striking a point 
of the surface more than once, thus allowing analysts to analyze the characteristic 
chemical information from the surface.  
 
In a conventional SIMS experiment with the use of atomic ion beams such as Ga+ 
and Cs+, low secondary molecular ion yields have limited the SIMS analysis of 
organic materials. With the use of cluster ion sources such as C60+, Aun+, Bin+ and 
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Arn+ in the past few years, a new era of SIMS evolved, the era of cluster SIMS. 
Secondary ion yields of organic materials are significantly improved   
(normally > 1,000-fold) and beam-induced damage is observed to decrease by 
using cluster ion beams [207]. More importantly, cluster SIMS opens the door to 
the depth profiling of organic materials without the rapid signal decay compared 
with their atomic counterparts, which is shown by many research groups [208, 
226-234]. As a consequence, nowadays the SIMS technique has become an 
increasingly powerful characterization tool enabling surface secondary ion 
mapping and even three-dimensional chemical imaging for both inorganic and 
organic biomaterials. 
 
 
2.2. The basic SIMS equation and relevant 
concepts 
 
SIMS is a chemical analytical technique concerned with secondary ions. However, 
the quantification of SIMS data is challenging due to the fact that yields of ionized 
secondary particles are not directly proportional to their concentrations in 
different materials but strongly depends on the electronic state of the matrix, 
which is termed the ‘matrix effect’ [220, 224]. Here shows the basic SIMS 
equation for reference, where the secondary ion current of the species X in the 
material is defined as 
 
    IsX =  IpY𝛼𝛼±𝜂𝜂𝜃𝜃X                          (2.1) 
 
where Ip is the primary particle flux, 𝑌𝑌 is the sputter yield of the material, α± is 
the ionization probability that a secondary particle will be ionized, 𝜂𝜂 is the 
60 
 
Imperial College London                                   Chapter 2 
secondary ion transmission coefficient of the analyzer and 𝜃𝜃X is the fractional 
concentration of X analyzed in the material. Often, 𝛼𝛼±  and 𝜂𝜂  are grouped 
together as the ‘useful ion yield’ since it is not possible to predict accurately the 
ionization probability by any theory so far and the transmission of secondary ions 
can vary from day to day on the same instrument. Thus measuring the useful ion 
yield would be more practical by typically analyzing a standard with an 
ion-implantation of known dose and comparing the number of the sputtered atoms 
X to the number of ions X± detected. In general, the useful ion yield in the SIMS 
analysis is just between 10−3 and 10−6 [202]. 
 
As can be indicated by the above equation, the SIMS analytical sensitivity, which 
is defined as the ability to detect the concentration of the species X among the 
concentration of the analyzed material in a certain volume, depends on the sputter 
yield and the ionization probability.  
 
2.2.1. The sputter yield 
 
Y, the sputter yield in the SIMS analysis, is defined as the yield of sputtered 
secondary particles per incident primary ion. Normally the sputter yield is in the 
range 0.1 to 10 atoms per primary beam particle [202] and varies with several 
factors such as the energy, mass and charge of the primary beam and also the 
topography and crystallinity of the sample. The sputtering process is less efficient 
with a beam energy below 1 keV and maximizes at between 5 and 50 keV primary 
beam energy [224]. Beyond this energy the sputter yield shows a decay since the 
deeper penetration of the beam leads to less energy being deposited in the surface 
to release the secondary particles. To enable more energy to deposit on the near 
surface region, high mass primary beams are used, resulting in the enhancement 
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of sputter yields [224]. Table 2.1 shows the comparison of the sputter yields of 
water molecule equivalents from the deposited ice layer under bombardment by 
20 keV C60+ and 25 keV Aun+ [235]. It is obvious that higher sputter yields of the 
water molecules are observed as the mass of the beams increase. One reasonable 
explanation is that the cluster breaks up after bombardment and the energy of each 
atom from the parent cluster is equally apportioned, for instance, each carbon 
atom would inherit 333 eV from a 20 keV C60+. As a consequence, more dispersed 
energy can deposit on the nearer surface region and generate less damage on it 
[208]. In addition, the high sputter rate removes most of the damage per beam 
impact so that the beam-induced damage accumulation is greatly reduced. Thus, 
the use of cluster projectiles outweighs the conventional atomic bombardment 
because not only can it significantly improve sputter yields but also it has the 
ability to remove the static limit.  
 
Table 2.1 The sputter yields of water molecule equivalents from the deposited ice layer under 
bombardment by 20 keV C60+ and 25 keV Aun+ [235]. 
 Au+ Au2+ Au3+ C60+ 
Removed # of water molecule 
equivalents 
94 570 1200 2500 
 
2.2.2. The ionization probability 
 
The quantitative analysis of SIMS has been challenging for researchers in this 
area due to some uncertain factors, e.g. one of the critical parameters is the 
ionization probability. As indicated earlier SIMS is a technique using a primary 
ion beam to sputter the surface of a sample for obtaining secondary ions; therefore 
it is strongly influenced by the electronic state of the sample surface. 
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Fig. 2.2. The variation of negative ion yield as a function of atomic number for 16.5 keV Cs+ 
bombardment. (Ο) Pure element; (Δ) Compound; (B.D.) Barely Detectable; (N.D.) Not Detected 
(Adapted from [236]). 
 
As a consequence, the ionization probability shows differences between analyses 
of different elements in different matrices, i.e. the same secondary ion yield of an 
element cannot be obtained in a different chemical environment. In addition, the 
surrounding environment can also vary with the time of analysis [220]. This 
phenomenon that the variability of secondary ion yields depends on its immediate 
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environment is termed the ‘matrix effect’ and it can result in the secondary ion 
yields of elements varying by several orders of magnitude across the Periodic 
Table (Fig. 2.2). Storms et al. have shown that negative ion yields trend upward 
with increasing electronegative character under cesium beam bombardment 
whereas positive ion yields experience trend upward with increasing 
electropositive character during bombardment of the oxygen beam [236], which 
indicates that the choice of the sputter beam is of great importance to design a 
SIMS experiment, especially to analyze certain specified species. It can be 
extrapolated that in the case of a multilayer depth profile different layers are 
sputtered and removed at different rates and can therefore produce rougher 
surfaces, changing the secondary ion yields. Thus a protocol should be well 
developed for taking account of the variations of the sputter rates and ion yields 
between all the layers [237]. 
 
In terms of organic materials the matrix effect becomes important as the 
co-localized compounds may significantly influence the detection of each other. 
In addition, the forms of secondary ions from organic materials can vary with 
different mechanisms such as an odd ion X+ from the ejection of an electron, (X + 
H)+ or (X − H)± ions from acid based reactions with polar molecules and cations 
or anions from neutral molecules [224]. As a result, to interpret results correctly 
the matrix effect should be well understood, otherwise it is challenging to relate 
plenty of SIMS spectral information to the original molecular structures of organic 
materials. In some cases, these effects can be quite severe. Jones et al. have 
studied the molecular signal distribution of the drug haloperidol over a slice of the 
brain surface of a rat [238]. The deposit of the drug was known to be even over 
two different domains (i.e. grey matter and white matter) prior to the ToF-SIMS 
analysis by using C60 projectiles. Fig. 2.3 shows the distribution of the 
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phosphatidylcholine (PC) headgroup (m/z 184), the cholesterol (m/z 369) and the 
drug haloperidol ([M + H]+ signal at m/z 376). 
 
The cholesterol (m/z 369) and the PC headgroup (m/z 184) were chosen to 
indicate white matter and grey matter, respectively. From the images it can be 
seen that the drug haloperidol is only detected within the cholesterol areas and 
cannot be found in the PC headgroup areas, indicating that the matrix effect tends 
to suppress or enhance the drug signals in different areas. Such data has the 
potential to mislead researchers about the existence of the drug over the rat brain 
without prior knowledge of the artifacts that can be induced by the SIMS 
technique. 
 
 
Fig. 2.3. The molecular signal distribution of the drug haloperidol ([M + H]+ signal at m/z 376) over 
a slice of the brain surface of the rat. The cholesterol (m/z 369) and the phosphatidylcholine 
headgroup (m/z 184) indicate white matter and grey matter, respectively. The analyzed area is 800 
μm × 800 μm with a dose of 8 × 1010 ion/cm2 (Adapted from [238]). 
 
Although the precise mechanisms of the matrix effect are still not fully understood, 
it is quite clear that in the formation of M + H or M − H ions protons transfer 
takes place in the material before or during the sputtering process. In addition, the 
gas phase basicity of the molecules can also influence the suppression and 
enhancement effects [239]. The study shows that protons tend to transfer to the 
Max counts 727 Max counts 1247 Max counts 232
m/z 184 m/z 369 m/z 376
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species of the relative higher basicity. By extrapolation it may be suggested that 
the suppression of the drug signals (M + H)+ is due to the fact that the PC 
headgroup has a higher basicity and it thus is given the priority to form (M + H)+. 
As a consequence, to reduce the matrix effect a matrix of very low gas phase 
basicity should be used in order to enhance the probability of other molecules of 
interest forming M + H ions. Water is known to have a low gas phase basicity of 
650 kJ/mol [224] and has been found to improve the yield of M + H ions [240], 
however, the validity of its use to alleviate the matrix effect has still to be 
confirmed. 
 
 
2.3. Instrumentation 
 
A typical SIMS instrument consists of: a high vacuum chamber, a primary particle 
beam with a primary beam column which accelerates and focuses the beam, a 
mass analyzer and a unit for ion detection [241]. In addition, in most devices an 
electron gun with relative low energy is equipped for charge compensation.  
 
2.3.1. The ultra-high vacuum condition 
 
In most surface analytical techniques the experiments are conducted in vacuum 
since the vacuum condition gives rise to various interesting properties such as the 
reduction of the chemical activity between the gas/solid interfaces (e.g. oxidation 
of metals), keeping the surface of the sample clean for several hours and allowing 
atoms and molecules to pass through a large distance without any impediment 
[242]. SIMS as a high sensitivity (up to ppb range) technique of surface analysis 
requires an ultra-high vacuum condition with pressures below 10-6 Pa. First, it can 
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allow materials to be analyzed in a stable state and prevent them from surface 
contamination by even a monolayer of adsorbed species during SIMS analysis. 
Another reason is that the operation of some system components such as the 
charge neutralizer is in need of the vacuum condition. In addition, the ultra-high 
vacuum condition enables the mean free path of sputtered particles to be large 
enough compared to the dimensions of the instrument so that secondary particles 
travel without collisions with other background ions, atoms or molecules [220].  
This aspect involves a concept termed the ‘mean free path’. In physics, the mean 
free path  λ  is the average distance travelled by a moving particle (e.g. an ion, an 
atom and a molecule) between successive collisions. It is given by the expression 
[242] 
 
λ =  1
nπd2√2
                           (2.2) 
 
where n is the molecular density, and d is the diameter of the molecule which is 
treated as a sphere. Also, in the ideal gas law 
 PV = NkT                           (2.3) 
 
where P is the pressure, V is the volume, N is the number of gas molecules, k is 
Boltzmann constant and T is the absolute temperature. The mean free path can 
thus be described as  
 
λ = kT
P√2πd2
                           (2.4) 
 
which indicates that the mean free path increases with the reduction of the 
pressure at a given temperature. Table 2.2 shows values of the mean free path for 
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nitrogen varying with pressures at 0 °C. Under the pressure of 10-6 Pa (the 
ultra-high vacuum condition) the mean free path can be up to 6 × 105 cm, 
dramatically reducing the probability of collisions between species during SIMS 
analysis. 
 
Table 2.2 Values of the mean free path for nitrogen varying with pressures [242]. 
Pressure (Pa) 105 10-4 10-6 10-8 10-10 
λ (cm) 6 × 10-6 6 × 103 6 × 105 6 × 107 6 × 109 
 
 
2.3.2. Charge compensation 
 
Most biomaterials are insulators, resulting in an added complication to SIMS 
analysis since the charges accumulating on the surface under the bombardment of 
the primary ion beam can weaken or even eliminate the secondary ion signals. 
This is due to the fact that, for example, the bombardment of the positive ion 
beam leads to positively charged ion build-up on the sputtered region and loss of 
electrons from the region. Since electrical insulators are hardly capable of 
transferring sufficient electrons to compensate the loss, net positive charges 
remain. Along with the progress of charge neutralization methods, in the early 
1980s [243, 244], SIMS research on non-conductive samples, such as polymers, 
organic biomaterials and biological samples, has increased rapidly. A SIMS 
apparatus equipped with an electron gun with relatively low electron energy 
makes it possible to neutralize net charges during analysis and provides an 
opportunity for the application of SIMS to expand from conductive materials to 
biology. However, the flux must be below 6.3 × 1018 electrons m-2 in order to 
avoid electron-induced damage [245]. 
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2.3.3. Primary beam sources 
 
2.3.3.1.  The generation of popular primary beam sources 
 
Generally there are four types of primary beam sources offering various 
performances (e.g. spatial resolution, sensitivity and addressing insulating 
problems) according to their mechanisms [224]: electron bombardment, plasma, 
surface ionization, and field ionization.  
 
Most primary beams generated by electron bombardment are versatile and the 
brightness (the available current density of the beam) of this type of source is 
moderate i.e. 105 A m-2 Sr-1. Both early primary ionized gas beams such Ar+ and 
Xe+ and recent popular cluster beams such as SF5+ and C60+ are classified in this 
group. The principle of the generation of these ion sources is that the primary 
beam gas is ionized by a high flux of electrons and it can produce a beam with 
energy of 2~40 keV. However, in some cases a proportion of the ionized gas 
beams (10~30%) will capture electrons from the atoms randomly distributing in 
the ion beam system so that they are converted back to neutral beams. Since their 
velocity and direction are maintained, such beams are termed fast atom beams. 
 
A limitation of the flux of a simple electron bombardment source is the density of 
electrons. To generate a higher electron current (and therefore a higher density of 
ion beams), the pressure of the beam gas can be raised so as to reduce the 
repulsions between the electrons. In this case a plasma is formed. As a 
consequence of the more effective ionization, a higher source brightness (from 104 
to 107 A m-2 Sr-1) is obtained, enabling better depth profiling applications of SIMS. 
A typical primary beam source generated by this mechanism is the oxygen (O2+) 
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primary ion beam, which shows enhancements in secondary ion yields of 
electropositive species and is widely used in many areas for depth profiling. 
 
As indicated early in the Section 2.2, analogous to the influence of the O2+ beam 
on electropositive species using an electropositive beam can enhance the 
secondary ion yields of electronegative species. Alkali metal ion beams such as 
the cesium (Cs+) primary ion beam are thus chosen and are generated by surface 
ionization. These ion sources are based upon the principle of thermally exciting an 
adsorbed layer on a metal of high work function under vacuum conditions so that 
different ionization potential between the adsorbed layer and the metal leads to 
ion emission by the unidirectional motion of electrons from the adlayer to the 
metal substrate. Beam brightness relies on the dimensions of the emitting area and 
can exceed 106 A m-2 Sr-1. This type of ion beam is applied in nearly all SIMS 
instruments for depth profiling. 
 
The highest brightness sources can be attained by field ionization and the 
brightness can be up to 1010 A m-2 Sr-1. Normally gas based sources are not 
fabricated by this method due to insufficient beam current; however, liquid metal 
ion sources (LMIS) are extremely successful in this area. A thin ‘skin’ of the 
liquid metal (e.g. gallium, bismuth or gold) flows over a very fine tip (typically 
tungsten) with radius less than 1 μm under the very high electric field which can 
stripe electrons off metal atoms, resulting in a very bright and focused ion beam 
with energies as high as 10~40 keV. It thus offers the highest spatial resolution. 
The Ga+ primary beam has been the most commonly used LMIS so far; however, 
with the advent of gold- or bismuth-based liquid metal ion sources not only higher 
secondary ion yields but also more excellent spatial resolutions (down to 200~50 
nm) of SIMS analysis of organic biomaterials have been realized. Nevertheless, 
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compared to C60+ and SF5+, liquid metal ion sources are less effective in depth 
profiling. Conlan et al. studied the damage caused by the depth profiles of PET 
under C60+ and Au3+ ion bombardment [246]. Their study indicated that signals of 
PET decreased with increasing flux of Au3+, whereas they remained relatively 
steady under C60+ impact. Cheng et al. also obtained similar results by analyzing 
other organic materials such as trehalose [247]. 
 
However, given their own advantages nowadays the dual beam system, which 
combines the cluster LMIS (e.g. Bi3+, Bi5+, Au3+) for secondary ion mapping with 
high lateral resolution and heavy mass gas based beams such as C60+, Arn+ used 
for depth profiling with high sputter yield, have become an increasingly popular 
and powerful tool to construct three-dimensional chemical images of bio-organic 
systems. 
 
2.3.3.2.  Cluster secondary ion mass spectrometry (Cluster SIMS) 
 
As indicated early in Section 2.1 cluster SIMS, which offers significant 
enhancements in secondary ion signals compared to its monoatomic counterpart, 
with sub-micron lateral resolution and depth resolution of the range 5~10 nm, has 
opened up the possibility of surface secondary ion mapping and even 
three-dimensional chemical imaging for organic biomaterials. Although cluster 
sources were observed to enhance sputter yields non-linearly as early as 1960 
[248], the initial performances on SIMS applications did not turn up until twenty 
years later. One of these works was published by Wong et al. in 1982 [249], 
comparing the analyses of oligosaccharides in a glycerol matrix bombarded by the 
atomic Hg+ source and the siloxane cluster source. In this work the secondary ion 
yields of oligosaccharides generated by the siloxane beam were greater than those 
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impacted by the Hg+ beam. The first cluster source (SF6 neutral beam) was 
developed in 1987 by Appelhans and Delmore to analyze non-conductive polymer 
materials such as poly(ethylene terephthalate) (PET), poly(methyl methacrylate) 
(PMMA) and poly(tetrafluoroethylene) (PTFE) and revealed that such cluster 
beam enabled the secondary ion yields to increase three to four orders of 
magnitude more than the atomic beams with equivalent energy. Subsequently 
more effective cluster sources such as SF5+, buckminsterfullerene probes (e.g. 
C60+), liquid metal cluster sources and argon clusters have been developed and 
thence cluster SIMS has been widely used for coping with organic materials. 
 
The reasons for the enhancement of secondary ion yields under the cluster beam 
bombardment are that: (1) the cluster will break apart into individual atoms 
inheriting the equally portioned initial energy from their parent cluster ion when 
impacting a surface. The penetration depth, compared to atomic ion bombardment, 
is thus much lower with respect to the surface since it is proportional to impact 
energy [208]. Fig. 2.4 shows a comparison of the sputter yields and the 
penetration depths by using the SF5+ cluster beam and the Ar+ atomic beam to 
strike a glutamate thin film. In this case the SF5+ projectile just generates the 
surface-localized damage and retains the subsurface chemical structure; however, 
the Ar+ atomic beam destroys molecular bonds due to the deeper penetration and 
is thus unable to depth profiling the molecular materials. (2) The enhancement of 
secondary ion yields is also due to the fact that the surface is bombarded by more 
atoms (from cluster ions after breaking apart) simultaneously and such an impact 
forms a so-called ‘collisional spike’ regime of high energy density, resulting in the 
phenomenon that for example, sputter yields of Cn+ >> nC+ [250]. (3) The cluster 
beams with rapid sputter rates enables the beam-induced damage to be removed 
rapidly, avoiding the accumulation of the damage.  
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A better understanding of different bombardment mechanisms of cluster and 
monoatomic ion beams can be achieved by molecular dynamics (MD) simulations. 
Fig. 2.5 compares ejection of atoms under the 15 keV Ga+ and C60+ bombardment 
onto a Ag surface [251]. In terms of the Ga+ impact, the projectile penetrates 
deeply into the substrate and causes severe interlayer mixing. Beam-induced 
damage accumulation occurs and very little ion emission can be observed. Yet 
when bombarded by the C60+ cluster beams the subsurface suffers very little 
damage with a low penetration depth and thus secondary ion yields are 
significantly enhanced. In this case most of the C60+ projectiles and the damaged 
area are removed rapidly along with secondary ions. The reduction of the damage 
accumulation effect enables cluster SIMS to ignore the static limit because of 
longer signal averaging times [207]. 
 
Cluster sources for organic materials are also believed to be capable of 
eliminating the charging problem which would occur in the case of atomic source 
bombardment [252, 253]. Take the C60+ cluster beam as an example, charge 
 
Fig. 2.4. Comparison of sputter yields and penetration depths by using SF5+ cluster beam and Ar+ 
atomic beam to strike a glutamate thin film (Adapted from [208]). SY = Secondary ion yield. 
 
+
5SF
+Ar
Energy 5.5 keV Incident angle 42º
SY = 297 molecules/ion SY = 8 molecules/ion
Range = 4.4 nm Range = 12.3 nm
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compensation is not necessary even for the dynamic SIMS mode since the 
significant increase in secondary ion yields can offset the charge carried by the 
C60+ projectiles [254]. 
 
 
Fig. 2.5. Ejection of atoms under the 15 keV Ga+ and C60+ bombardment of a Ag {111} surface at 
normal incidence (Adapted from [251]). 
 
An issue that interests researchers is whether secondary ion yield enhancement 
depends on cluster size. Stapel et al. studied such relationships by using various 
primary ion sources (i.e. Ar+, Ne+, Xe+, O2+, CO2+, C7H7+, C10H8+, SF5+, C6F6+ and 
Ga+ C60+
t = 0 ps
t = 1 ps
t = 7.5 ps
t = 29 ps
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C10F8+) to bombard poly(methyl acrylate) (PMA) LB-layers on Si substrates [255]. 
Fig. 2.6 shows that the resulting yields increase significantly with the number of 
atoms from 1 to 6 (SF5+); however, minimal enhancements can be observed since 
the atom number increases from 6 to 18. This may probably be due to the 
‘saturation effect’, which has not been well understood yet. It should be noted that 
larger cluster beams such as C60+ and Au400+ are not included in this study. It is 
believed that such massive sources enable the emission of multiple secondary ions 
per impact, resulting in greater enhancements in secondary ion yields [207, 256]. 
However, a fact which cannot be neglected is that although many studies have 
shown that secondary ion yields can increase with increasing cluster source 
energies [231, 257-259], an exception is using C60+ projectiles with low energies 
(less than 10 keV) to bombard silicon materials, which is proved to suppress 
emissions of silica ions due to a net deposition of a carbon film on the Si surface 
and also the implantation of carbon atoms in the silicon crystal [136, 260-262]. 
 
 
Fig. 2.6. Yields for fragment at m/z = 143 are plotted as a function of the number of atoms per 
primary ion (Adapted from [255]). 
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2.3.4. Mass analyzers 
 
There are three most widely used mass analyzers performing the mass filter 
function in SIMS technique: the magnetic sector, the quadrupole mass analyzer 
and the time-of-flight (ToF) instrument [224].  
 
The first introduced mass analyzer for SIMS is the magnetic sector. It applies a 
magnetic field to the extracted secondary ions, forcing them to travel in a circular 
path as the ionized particles experience a force in a direction orthogonal to their 
previous travel axes and magnetic flux lines. Since all ions are extracted by a 
fixed potential and travel in a constant magnetic field, the separation of their 
mass-to-charge ratios is determined by each of the different radii of curvature. The 
magnetic sector has high transmission of 10~50% and high mass resolution      
(> 10,000), suitable for the dynamic SIMS. Two modes are thus widely used, i.e. 
the ion microscope mode and the microprobe mode. The former mode relies on 
the positional memory function of secondary ions, thereby realizing secondary ion 
mapping. A spatial resolution of the range 1~5 μm can be obtained by using a 
large diameter primary beam [263]. In the microprobe mode, the magnetic sector 
is normally used to depth profile with a highly focused ion beam (1~10 μm) and 
uniform crater edges and flat bottoms can be attained. However, there are a 
number of drawbacks restricting the applications of this type of mass analyzer and 
some are severe. It is difficult to be incorporated into UHV conditions due to its 
large size and less ability to desorb background gases compared to other mass 
spectrometers. In addition, it is a scanning instrument so that only one secondary 
ion species can be analyzed per time. Fortunately, this problem can be tackled by 
placing several detectors at different positions in order to simultaneously collect 
secondary ions of various mass travelling in assorted paths [202].  
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In the quadrupole mass analyzer, the separation of secondary ions is based on the 
combination of a DC and high frequency AC voltage applied to four parallel rods. 
The rods are divided into two pairs which consist of equal but opposite voltages 
and provide a rapid periodic switching field. The voltages are tuned to a suitable 
value so that most ions follow unstable trajectories with increasing amplitude and 
subsequently hit the rods, whilst only ions of interest with a certain mass to charge 
ratio can arrive to the detector due to a stable oscillation of limited amplitude. 
This type of mass analyzer can provide some useful information in Static SIMS 
and is small enough to be introduced into UHV conditions; however, it has low 
transmission (less than 1%) and is also a scanning device which only permits ions 
of one mass to be detected at a time, resulting in the loss of a great deal of 
valuable information.  
 
With the advent of advanced time-of-flight (ToF) mass analyzers, a novel type of 
instrument combining SIMS and ToF mass analyzer was invented by 
Benninghoven and Niehus et al. at the University of Münster [264]. This 
state-of-the-art technique performs the mass filter function where mass-to-charge 
ratios of different secondary ions are separated via a time measurement mass 
analyzer termed ToF mass analyzer. Fig. 2.7 presents the principle of a ToF-SIMS 
instrument. The primary sources used in this type of instrument are pulsed with 
short pulse widths (sub nanosecond) and once pulses of secondary ions are 
extracted from the surface of a sample, they are accelerated into the analyzer by 
an electric field to a common energy. Due to having the same kinetic energy, the 
velocities of different ions depend on different mass-to-charge ratios. 
Consequently the ions that have the lighter mass reach the detector before the 
heavier ones. Measuring the flight time of the ions at a known distance can then 
determine their masses in parallel. A mass spectrum of ions of all masses can 
eventually be obtained. In contrast to the quadrupole mass spectrometer, the 
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Fig. 2.7. Schematic of principle of a ToF-SIMS instrument (Adapted from [265]). Primary ions 
from an ion gun are pulsed, focused and rastered over a sample surface to generate secondary ions, 
which will then be extracted and fly with time measurement prior to reaching the detector. 
 
time-of-flight analyzer has very high transmission (> 50%) and is thus about 104 
more sensitive than the quadrupole counterpart. In addition, excellent mass 
resolution i.e. exceed 10,000 can be attained, depending on the pulse width of 
secondary ions that can be achieved and in turn relying on the pulse width of 
primary source in order to minimize energy spread. However, this energy spread 
problem can be compensated for by an ion mirror to which is applied to a 
retarding electric field. Secondary ions of the same mass with different energies 
are eventually tuned to enter the detector simultaneously by adjusting their 
travelling distances i.e. ions with more energy travel further than less energetic 
ions do. In terms of charge compensation, it can be achieved by using the 
dead-time of the primary beam (the primary beam pulse is off). To make full use 
of the dead-time introducing a second ion beam for etching enables ToF-SIMS to 
depth profile materials and hence to construct three-dimensional ion images; 
however, it is a time-consuming process since the primary beam (analysis beam) 
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must be pulsed with a duty cycle of approximately 10-4 i.e. the ratio of the time 
the beam pulse is on to off. Pulsing the beam can also cause a low beam current 
and the degradation of the minimum spot size and hence the spatial resolution. 
The comparison of three different mass analyzers is shown in Table 2.3 [206]. 
 
Table 2.3 Comparison of three different mass analyzers for SIMS [206]. 
Type Resolution Mass range Transmission Mass detection 
Quadrupole 102~103 < 103 0.01~0.1 Sequential 
Magnetic sector 104 > 104 0.1~0.5 Sequential 
Time-of-flight > 104 103~104 > 0.5 Parallel 
 
 
2.4. Modes of SIMS analysis 
 
2.4.1. Static SIMS 
 
In most cases other than massive cluster beam bombardment, SIMS analysis must 
be performed under the static limit in order to avoid beam-induced damage 
accumulation and to preserve an original surface, thereby maximizing the 
efficiency (secondary ion yields) attained per surface damage. Traditionally it thus 
requires a low dose of primary beam (< 1013 ions cm-2) to ensure that no ions will 
impact a point of the surface more than once; however, for organic materials a 
value less than 1012 ions cm-2 should be maintained [224].   
 
Spectral analysis is the most common application in static SIMS. By generating 
mass spectra analysts can determine which species are in the analyzed area. Mass 
spectra can be obtained in two modes: the ‘spot mode’ where the analyst uses a 
defocused beam to bombard most of the analyzed area, whilst another is to raster 
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a precise area of certain size by a focused beam. Interpretation of spectral data 
should be relatively easy in the case of samples which have few components; 
however, in terms of many organic materials it becomes frustrating due to a great 
deal of complex information. As a consequence the mass resolution, given by 
m/Δm, is a critical parameter in spectral analysis. It is the ability to distinguish 
two slightly different masses; for example, to separate two nominal same mass (28) 
species from Si+ (28.0855) to CO+ (12.011 + 15.9994 = 28.0104), a mass 
resolution required is (28 / 0.0751) = 372.8. As indicated in the last section, 
ToF-SIMS can achieve the highest mass resolution (greater than 10,000) and thus 
has the inherent advantage of analyzing organic samples; however, it is at the 
expense of lateral resolution and hence spatial resolution, a critical parameter of 
imaging SIMS. 
 
 
Imaging SIMS, which provides the opportunity to map the distribution of surface 
elements, can be performed in two modes, namely ion microscope mode and 
microprobe mode [263]. Fig. 2.8 gives a schematic illustration of two different 
 
Fig. 2.8. A schematic illustration of two different approaches to macromolecular imaging (Adapted 
from [263]). 
(a) Microprobe mode (b) Microscope mode
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approaches to macromolecular imaging. An ion microscope mode (Fig. 2.8b) is 
realized by using an unscanned beam and a position-sensitive detector so that the 
location of ions can be stored throughout the SIMS process. Ion-optical images 
can then be projected on a fluorescent screen. This mode decouples the spatial 
resolution from the spot size of the primary beam; therefore, a much larger area 
can be analyzed and high spatial resolution with fast analysis speed can be 
achieved. It can also be applicable when the mass detection of ions is either 
sequential (e.g. with the quadrupole mass spectrometry) or parallel (with the ToF 
mass analyzer). In the microprobe mode (Fig. 2.8a) a focused beam is used to 
raster scan over the entire area of interest and each mass spectrum indicating 
every specific position of secondary ions is retained in the computer, followed by 
reconstructing color coded ion maps from individual mass spectrum. It is widely 
used in ToF-SIMS and also termed ‘scanning ToF-SIMS’. Even if a highly 
focused beam can be attained, the small beam diameter also causes the reduction 
of the number of secondary ions per pixel. The critical parameter then becomes 
the yield of secondary ions in a pixel area, which limits the spatial resolution 
obtained. Table 2.4 shows the estimated relationship between pixel size and the 
amount of atoms and molecules. As can be seen from the table, the number of 
atoms and molecules per pixel decreases with the increase of magnification. For 
example, there are 6.25 × 106 atoms in a 500 nm × 500 nm pixel area. Under the 
static limit only 1% of the surface atoms should be sputtered. Suppose the 
ionization probability is 10-3 and thus only 62.5 ions per pixel can be attained 
eventually. However, it is necessary to achieve a level of at least 100 ions per 
pixel for a useful spectrum in a pixel area; therefore, it requires high secondary 
ion yields to obtain also high spatial resolution. The removal of the static limit 
would make it possible to improve the situation and it can be realized by using 
massive cluster beams. In such a case more than just the sample surface can be 
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mapped i.e. the whole sample may be imaged. Under this condition the dynamic 
SIMS mode is performed. 
 
Table 2.4 Estimated relationship between pixel size and the amount of molecules/atoms [224]. 
Imaged area 
(μm) 
Pixel size Pixel area Molecules per pixel Atoms per pixel 
100 10μm × 10μm 10-6 cm2 4 × 108 2.5 × 109 
10 1μm × 1μm 10-8 cm2 4 × 106 2.5 × 107 
5 500nm × 500nm 2.5 × 10-9 cm2 1 × 106 6.25 × 106 
1 100nm × 100nm 1 × 10-10 cm2 40,000 2.5 × 105 
0.2 200Å × 200Å 4 × 10-12 cm2 1600 10,000 
 
2.4.2. Dynamic SIMS 
 
In dynamic SIMS in contrast to static SIMS, the preservation of the sample 
surface is no longer critical and the fluence of ion beams is over the static limit i.e. 
1013 ions cm-2, in order to sputter etch the uppermost layer so that the subsurface 
layers can be analyzed. Such a technique enables high sensitivity in the range of 
parts per billion (ppb), tens of nanometer lateral resolution and sub-nanometer 
depth resolution [266]. However, for organic materials around 50% of the signal 
density will be lost beyond the static limit [224]; as a consequence, it thus has 
restricted the performance of dynamic SIMS (e.g. depth profile) on organic 
samples historically. Nonetheless, the advent of massive cluster sources opens up 
the possibility to depth profile and even to construct three-dimensional images.  
 
Depth profiling is used in dynamic SIMS to detect the variation of elemental or 
molecular concentration as a function of depth. With ToF-SIMS it can be done in 
the dual beam mode. A sputter beam is used to sputter etch a defined crater while 
an analysis beam is to analyze the central bottom of the crater (to avoid the ‘edge 
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effect’). In the dynamic SIMS mode two main critical parameters (i.e. dynamic 
range and depth resolution) should be taken into account. The dynamic range is 
the ability to detect the difference in concentration between certain species and the 
background level i.e. the concentration sensitivity [266]. Therefore, it is a very 
instrument-dependent parameter; interferences such as shot noise from the system, 
background residual gases and re-deposition of sputtered ions from the crater 
walls can greatly influence the dynamic range. As a consequence, the optimization 
of the vacuum conditions and the application of the gating (only allow the 
information from the center of the etched bottom to be detected) are used. There 
are two types of gatings, i.e. the optical gating and the electronic gating. The 
former one controls the field view by the incorporation of a lens into the 
collection optics so that only the defined area can be ‘seen’ by the analyzer, whilst 
the electronic gate is realized by only switching on the detection system when the 
ion beam focuses on the gated area. 
 
Depth resolution is defined as the ability to accurately measure the depth with 
regard to the concentration of the species and to distinguish different species at 
different depths [266]. A schematic definition is shown in Fig. 2.9. Compared to 
the true concentration, where the intensity I(t) or the concentration C(z) decreases 
steeply at one point of the sputter time t or the depth z, the measured 
concentration decays gradually, forming a slope. The depth resolution from Fig. 
2.9 is defined as either Δt or Δz where t or z is corresponding to the 84.13% and 
15.87% levels on I(t) or C(z) [224]. 
 
There are a number of parameters affecting the depth resolution, namely, the 
surface topography, the beam quality, the multi-component materials and the 
beam-induced mixing effect. The surface topography imposes restrictions on 
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Fig. 2.9. A schematic definition of depth resolution (Adapted from [224]). 
 
eroding a well-defined crater if the sample surface is rough and such 
macrotopography deteriorate the depth resolution. It can be optimized by rotating 
the material during the depth profile process [267]. In addition, the uniformity of 
the beam also has a great influence since the crater bottom etched by the sputter 
beam is usually not a defined rectangular shape but Gaussian; therefore, the crater 
edges will be eroded less compared to the center, resulting in the microroughness. 
As indicated earlier, the application of gating would alleviate this problem. The 
roughness can also be developed when a multi-component material is sputtered 
due to the fact that different components experience different sputter rates. When 
the sample is bombarded by a high energy ion beam, it gives rise to the 
beam-induced mixing process. Some of the atoms penetrate deep into the crater 
with the beam while others rebound upwards. As a result some species which 
should have been swept away previously would appear in the area below the 
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sputtered area, thereby misleading analysts by the incorrect results. As a 
consequence, the parameters discussed above determine the difficulties in the 
quantification of dynamic SIMS on organic materials. 
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Chapter  3 
ToF-SIMS Evaluation of 
Calcium-containing Silica/γ-PGA 
Hybrid Systems 
 
 
So far it has been reported that calcium-containing silica/γPGA hybrids can be 
successfully fabricated either by using the free acid form of γPGA with DMSO as 
the solvent and CaCl2 as the calcium source [84, 95], or by introducing Ca(OH)2 
to produce the calcium salt form of γPGA that can be water soluble [90]. GPTMS 
was used as the coupling agent in both cases. However, the different use of the 
calcium sources and the solvents determined that the homogeneity of these 
hybrids can be affected, which may have an influence on the hybrid bioactivity 
efficiency and ion release. Poologasundarampillai et al. observed that for the 
DMSO samples the calcium was phase separated from the silica network [84]. 
Valliant et al. found that both silicon and calcium were homogenous throughout 
the hybrids when using the calcium salt form of γ-PGA [90]. To verify the 
observations mentioned above, further study is required on the homogeneity of 
these two hybrids synthesized with different solvents and ways to incorporate the 
calcium content. 
 
In addition, a key aspect of the optimization of hybrids is to understand the 
uniformity of the critical elements (silicon, the inorganic network, and how 
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calcium is present in the atomic structure) and the nature of any bonding between 
γPGA, the coupling agent (GPTMS) and the silica network within the hybrids.  
 
In this chapter, ToF-SIMS was applied to compare and evaluate various 
calcium-containing silica/γ-PGA hybrid systems: using the free acid form of 
γPGA dissolving in DMSO and using the soluble calcium salt form of γPGA as 
the polymer components, respectively. In addition, dimethyl carbonate (DMC) 
was attempted to enhance the calcium chelation ability and inorganic/organic 
coupling of silica/γ-CaPGA hybrids and its influence on the hybrid uniformity 
was also studied here: i) with different reaction time between GPTMS and 
γ-CaPGA i.e. 24, 48 and 72 hrs; ii) and with different timings of the addition of 
DMC i.e. adding DMC at the onset of and after the reactions mentioned above. 
 
 
3.1. Materials and Methods 
 
3.1.1. Synthesis of calcium-containing silica/γPGA hybrids 
 
Poly γ-glutamic acid (γ-PGA) was purchased in the free acid powder form from 
Natto Biosciences, Canada and all other chemicals for the synthesis of various 
calcium-containing silica/γ-PGA hybrids were purchased from Sigma Aldrich, 
UK. 
 
3.1.1.1.  Hybrids using the free acid form of γPGA as the polymer source 
 
The calcium-containing silica/γ-PGA (40 wt% γ-PGA with 60 wt% inorganic 
composed of SiO2 to CaO of 70 : 30 molar ratio) hybrid using DMSO as the 
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solvent was provided by Dr. Gowsihan Poologasundarampillai, Imperial College 
London, and was synthesized using the two-pot reaction procedure described in 
the previous work [84]. Functionalization of γ-PGA with 
3-glycidoxyproyltrimethoxysilane (GPTMS, the coupling agent) was carried out 
in DMSO with a molar ratio of GPTMS : γ-PGA of 2 for 12 h. The majority of the 
DMSO was removed from the reaction mixture using rotary vacuum evaporation. 
This was followed by the addition of CaCl2 as the calcium source. The second pot 
was prepared by hydrolyzing tetraethyl orthosilicate (TEOS) in 1N HCl and water 
for 1 h. Finally the two mixtures, calcium containing functionalized γ-PGA and 
hydrolyzed sol were added together and allowed to react for 1 h. The hybrid 
precursor sol was then poured into Teflon molds which were sealed and left in an 
oven at 60 ºC to gel. This was then aged and dried at 60 ºC to obtain the final 
hybrid monoliths. 
 
3.1.1.2.  Using the calcium salt form of γPGA as the polymer source 
 
The calcium salt form of silica/γ-PGA hybrid sol (Si/γ-CaPGA) was provided by 
Jin Nakamura, Nagoya Institute of Technology, and was prepared by a variant of 
the synthesis procedure described previously [90]. 1.0 g of γ-PGA and 0.26 g of 
Ca(OH)2 were mixed in 19 g of distilled water, followed by the addition of 0.92 g 
of GPTMS (the molar ratio of γ-PGA to GPTMS was 2). The mixture was allowed 
to react at room temperature to facilitate the covalent coupling between γ-CaPGA 
and GPTMS (the Crosslinking Step). The hybrid sol was then cast into cylindrical 
polymethyl propylene molds and tightly sealed. A temperature of 40 ºC for 3 days 
was required for the gelling process and monolithic hybrid discs were obtained 
after drying for 10 days at 40 ºC. 
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3.1.1.3.  Addition of dimethyl carbonate (DMC) 
 
The preparation of DMC containing silica/γ-CaPGA hybrids followed the 
synthesis procedure described in Section 3.1.1.2 but with addition of 0.31 g of 
DMC to obtain a molar ratio of Ca(OH)2 to DMC of 1. While in this case the 
molar ratio of GPTMS : DMC was 1.11 : 1. The influences of the length of the 
reaction time between γ-CaPGA and GPTMS and the timing of adding DMC on 
the homogeneity of hybrids were investigated here. The DMC was (a) added 
together with other components to produce the hybrid sol (termed Pre-addition) or 
(b) added separately after the crosslinking step, followed by 5 minutes of vigorous 
agitation (termed Post-addition). For the crosslinking step, the hybrid sols were 
stirred at room temperature for 24, 48 or 72 hours before the subsequent gelling 
and drying process. 
 
3.1.2. ToF-SIMS evaluation of calcium-containing silica/γPGA hybrids 
 
Table 3.1 Notation of various calcium-containing silica/ γ-PGA hybrids. The molar ratio of γ-PGA 
to GPTMS (GC) was 2 in all the samples.  
Sample Solvent Calcium source PGA form Reaction time between 
γ-PGA and GPTMS 
Timing of 
adding DMC 
FA-γ-PGA DMSO CaCl2 free acid 12h - 
S-γ-CaPGA 
Water Ca(OH)2 salt form 
48 h - 
S-24DMCpre 
24 h 
Pre-addition 
S-24DMCpost Post-addition 
S-48DMCpre 
48 h 
Pre-addition 
S-48DMCpost Post-addition 
S-72DMCpre 
72 h 
Pre-addition 
S-72DMCpost Post-addition 
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A ToF-SIMS instrument (TOF.SIMS 5, ION-TOF GmbH) was used to determine 
the homogeneity of various calcium-containing silica/γPGA hybrid systems. The 
notation used for the different hybrids is listed in Table 3.1. All the analyzed 
samples were ground and polished down to 4000 grit to obtain flat sample 
surfaces, followed by a drying process in a 40 ºC oven to remove any moisture.  
 
Table 3.2 Parameters for the SIMS analyses on various calcium-containing silica/ γ-PGA hybrids. 
Sample Analysis beam Analysis area 
(μm2) 
Sputter beam Sputtered area 
(μm2) 
Number 
of scans 
FA-γ-PGA Bi+  ~1.2 pA 100 × 100 
C60+  
~0.6 nA 250 × 250 
400 
S-γ-CaPGA 
Bi3+  ~0.6 pA 
300 × 300 ~0.6 nA 500 × 500 
S-24DMCpre 500 × 500 ~1.2 nA 700 × 700 
S-24DMCpost 300 × 300 ~0.6 nA 500 × 500 
S-48DMCpre 500 × 500 ~1.6 nA 700 × 700 
S-48DMCpost 300 × 300 ~0.6 nA 500 × 500 
S-72DMCpre 300 × 300 ~1 nA 500 × 500 
S-72DMCpost 500 × 500 ~0.6 nA 700 × 700 
 
The detailed parameters used for the SIMS analyses can be found in Table 3.2. 
Prior to collecting any information a 10 keV C60+ cluster beam was used to 
eliminate the sample surface contaminant. Secondary ion maps of 256 × 256 
pixels were constructed by using a 25 keV Bi3+ liquid metal ion source (Bi+ beam 
for the hybrid using the solvent DMSO) with a cycle time of 100 μs in the high 
current bunched mode. To investigate the change of the element/compound 
distribution with depth, a depth profile was generated following each secondary 
ion map scan by using the 10 keV C60+ beam to sputter the surface for 1s. A 
low-energy 20 eV electron gun was used for charge compensation with a 0.1s scan 
rate. 
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3.2. Results and Discussion 
 
3.2.1. Hybrids using the free acid form of γPGA versus using the calcium 
salt form of γPGA 
 
Fig. 3.1 shows the ToF-SIMS secondary ion maps of the silica/γ-PGA hybrid 
using DMSO as the solvent and CaCl2 as the calcium source (here termed 
FA-γ-PGA) and the silica/γ-CaPGA hybrid using the calcium salt form of γ-PGA 
(termed S-γ-CaPGA herein), which can be used to understand the distribution of 
the critical elements and compounds within the materials. Si+ (Fig. 3.1a and g, the 
matrix of the silica network) and SiCH3+ (Fig. 3.1b and h, the bond between the 
silica network and the coupling agent GPTMS) were chosen to represent the silica 
network. Fig. 3.1c and i showed the distribution of the overall calcium content in 
the hybrids whilst CaO2+ (Fig. 3.1d and j) and CNCa+ (Fig. 3.1e and k) were used 
to be indicative of the calcium incorporated into the hybrids through the 
carboxylic group and the amine group from the γ-PGA, respectively (Fig. 1.4). 
CaO2+ can also be from the ionic bonding between calcium and the silica network. 
The distribution of γ-PGA was then examined through CH2N+ (Fig. 3.1f and l). 
For the FA-γ-PGA sample, CH3SO+ was observed (Fig. 3.1m), which may be 
from the incomplete evaporation of the DMSO residue, and CaSO+ (Fig. 3.1n), 
which could be the calcium chelating with DMSO, was also be detected.  
 
It was evident from the constant intensity of the images in Fig. 3.1a-f that all the 
species from S-γ-CaPGA, the hybrids using the calcium salt form of γ-PGA, were 
evenly distributed. This suggests that the calcium, the silica network and the 
γ-PGA were successfully incorporated into each other and formed interpenetrating 
networks. This was consistent with the observations in the previous work [90]. 
The homogeneous CNCa+ implied another possibility, namely that the 
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Fig. 3.1. ToF-SIMS secondary ion mapping for the calcium-containing silica/γ-PGA hybrids 
synthesized with (a-f) the calcium salt form of γ-PGA (S-γ-CaPGA) and with (g-m) the free acid 
form of γ-PGA using DMSO as the solvent (FA-γ-PGA). The distribution of the critical elements 
and compounds were investigated as follows: (a) (g) Si+; (b) (h) SiCH3+; (c) (i) Ca+; (d) (j) CaO2+; 
(e) (k) CNCa+; (f) (l) CH2N+; (m) CH3SO+ and (n) CaSO+. The scale bars are 50 μm for 
S-γ-CaPGA and 20 μm for FA-γ-PGA. 
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calcium can also be bonded to γ-PGA with the amine group in addition to the 
carboxylic group. 
 
On examining the hybrids produced using the free acid form of γ-PGA dissolved 
in DMSO (FA-γ-PGA) it was clear that phase separation was occurring. Si+ and 
SiCH3+ had a similar heterogeneous distribution, leaving the silicon-depleted 
areas at the lower part of the image, which were indicated by the red dashed lines 
(Fig. 3.1g and h). The overall calcium ion distribution looked homogenous (Fig. 
3.1i); however, the other calcium-related species CaO2+ and CNCa+ tended to 
aggregate on the top half of the ion maps (Fig. 3.1j and k, highlighted by the white 
dashed lines). The similar trend for CaO2+ and CNCa+ implied that CaO2+ here 
should be indicative of the bonding between the calcium and the γ-PGA rather 
than the calcium chelating with the silica network. In any case calcium is not 
expected to enter the silicate network when calcium chloride is used as the 
calcium source, at least not unless high temperatures are used [97]. Fig. 3.1l 
shows that CH2N+, the possible γ-PGA identifier, was fairly evenly distributed but 
with a slightly enhanced signal around the top. By contrast, the depletion of 
CH3SO+ and CaSO+ can be seen from the left top half of the image (Fig. 3.1m and 
n, highlighted by the blue dashed lines). It has been reported that calcium can 
chelate with DMSO if DMSO cannot be thoroughly removed [95]. Here, the 
similar distribution of CH3SO+ and CaSO+ further demonstrated that the calcium 
can bond to both γ-PGA and DMSO in this hybrid. 
 
From Fig. 3.1g-n all the species had a higher intensity close to the top part of the 
images except for CH3SO+ and CaSO+ which had an inverse distribution. This 
suggested that the DMSO residue after the incomplete evaporation procedure 
expelled the other components and therefore significantly affected the 
homogeneity of the hybrids. An interesting observation was that the total Ca+ was 
homogenous whilst CaO2+, CNCa+ and CaSO+ were not. In addition, both CaO2+ 
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and CNCa+ had an inverse distribution from CaSO+. Therefore, the homogenous 
total Ca content could be derived from the calcium chelating with both γ-PGA and 
DMSO. For silicon species, a similar trend of Si+ and SiCH3+ indicated that the 
silica network was successfully linked to the coupling agent GPTMS. The 
properties shown by Poologasundarampillai et al. indicated that γ-PGA can be 
coupled to the silica network through GPTMS [84, 95]. However, Valliant et al. 
indicated that the polymer was lost rapidly to solution, especially when the 
calcium salt form of γ-PGA was used [90]. The results here may provide an 
explanation in that CH2N+ had a different distribution from the silica network, 
suggesting that the coupling degree between γ-PGA and the silica network was 
unsatisfactory i.e. γ-PGA only partially bonded to GPTMS.  
 
Fig. 3.2 shows the depth profiles produced to investigate the distribution of all the 
mentioned components within the hybrids. The depth profiles of both hybrids had 
similar trends for the corresponding species and an unstable area can be seen from 
both of the profiles before the dashed line, which could be due to the well-known 
SIMS pre-equilibrium effect. In such an area the implantation of the atoms from 
the primary ion beam was changing the chemistry of the near sample surface until 
a stable state was reached. Furthermore surface contaminants can affect the ion 
yields and sputter rates at the beginning of the analysis. During the 
pre-equilibrium period the secondary ion yields and sputter yields continuously 
changed as the near-surface chemistry changed and it was very difficult to 
quantify the composition of the material. At steady state the rate of implantation 
of primary species is equal to the rate at which they are sputtered, and sputter rate 
and secondary ion yield are fixed (in a given matrix). In the stable areas all the 
calcium species (Ca+, CaO2+ and CNCa+) from both samples were constant whilst 
other species (Si+, SiCH3+ and CH2N+) dropped and then leveled off. This implied 
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Fig. 3.2. ToF-SIMS Depth profiles of the calcium-containing silica/γ-PGA hybrids synthesized 
with (a) the calcium salt form of γ-PGA (S-γ-CaPGA) and with (b) the free acid form of γ-PGA 
using DMSO as the solvent (FA-γ-PGA). The intensity of the critical ions from both hybrids with 
sputter time was shown. 
 
that there was no change in composition with depth for all the components inside 
the hybrids. However, a higher silica content tended to accumulate on the outer 
part of the hybrids. The cause is still not clear. It has been shown that all the 
components were evenly distributed throughout the hybrid in a similar 
composition [90]. Therefore the sample presented in this thesis might be an 
individual case and more samples are needed for SIMS analysis to confirm this. It 
was worth pointing out that CH3SO+ and CaSO+ also remained throughout the 
depth profile, suggesting that DMSO cannot be evaporated thoroughly and the 
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evaporation procedure should be extended to obtain ‘dryer and cleaner hybrids’. 
This also implies that the inhomogeneity could have been a result of the 
incomplete evaporation of DMSO. 
 
The ToF-SIMS data revealed that the hybrids made in the presence of DMSO 
were not homogeneous, i.e. DMSO was not suitable for the sol-gel hybrid 
synthesis. In addition, compared to dissolving calcium chloride into the free acid 
form of γ-PGA, the results further demonstrated that using the calcium salt form 
of γ-PGA was promising for calcium incorporation and that homogeneous 
silica/γ-PGA hybrids can be obtained. However, the calcium incorporated in this 
way limits the maximum amount of calcium that can be incorporated in the hybrid 
since both calcium and GPTMS are bonded to the γ-PGA with the carboxylic 
groups [90]. The amount of bonding between the γ-PGA and GPTMS is therefore 
also limited. The SIMS results suggest that alternative processing routes or 
calcium sources are required to increase the calcium content in the hybrids while 
maintaining the homogeneity of the different constituents. 
 
3.2.2. Silica/γ-CaPGA hybrids synthesized through ionic coupling using 
DMC 
 
It is vital to obtain silica/γ-CaPGA hybrids with tailored calcium release for 
controlled delivery of calcium ions to stimulate bone cells. Introducing an anionic 
site such as a carboxylic group for ionic chelation of calcium is a simple route to 
enable calcium incorporation into a hybrid and subsequent to control calcium ion 
release. Previous studies shown in the section 3.2.1 and reported by Valliant et al. 
[90] suggest that the nucleophilic reaction between the carboxylic groups of the 
γ-CaPGA and the epoxy ring of the GPTMS did not occur as well as expected. An 
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alternative coupling mechanism is to use ionic crosslinking, as is used in the 
gelation of alginate hydrogels, i.e. calcium ions can chelate with carboxylic 
groups from adjacent molecules, forming an ionic linkage [268, 269]. Therefore, 
the hypothesis used by Nakamura et al. was that the GPTMS could be 
functionalized to replace the epoxy ring with a carboxylic acid group and could 
ionically crosslink with γ-CaPGA via calcium ions. Dimethyl carbonate (DMC) is 
a well-known volatile organic solvent consisting of a carbonyl group flanked by 
two methoxy groups. In the aqueous environment, DMC undergoes hydrolysis of 
the methoxy groups to produce carbonate species. The hydrolyzed DMC has the 
potential to bond with GPTMS through the formation of ester bonding and 
provide the carboxyl groups (DMC/GPTMS), thereby enabling GPTMS to 
ionically couple γ-CaPGA to produce a silica/ γ-CaPGA hybrid (Fig. 3.3).   
 
 
Fig. 3.3. Schematic for the expected structure of a silica/γ-CaPGA hybrid synthesized through the 
ionic coupling between the hydrolyzed DMC-coupled GPTMS (DMC/GPTMS) and γ-CaPGA. 
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DMC, however, shows little solubility in aqueous media before hydrolysis and 
therefore invokes phase separation during the synthesis of the silica/γ-CaPGA 
hybrid, leading to inhomogeneity in sample composition. Therefore, the timing of 
adding DMC during the synthesis must be carefully considered. Here, the aim was 
to investigate the influence of functionalizing GPTMS with DMC on the 
homogeneity of hybrids using ToF-SIMS analyses. Six different silica/γ-CaPGA 
hybrids were studied with different reaction times between GPTMS and γ-CaPGA 
(24, 48 and 72 h) and with different timings for adding DMC i.e. at the onset of 
(Pre-addition) and after the reactions (Post-addition) mentioned above. The 
corresponding samples were termed S-24DMCpre, S-24DMCpost, S-48DMCpre, 
S-48DMCpost, S-72DMCpre and S-72DMCpost. 
 
Fig. 3.4 shows the ToF-SIMS secondary ion maps for Si+ and Ca+ from the 
silica/γ-CaPGA hybrids synthesized with the different conditions mentioned 
above. It was apparent that the ion distribution of the Pre-addition samples (Fig. 
3.4a-f) was quite different to that of the Post-addition samples (Fig. 3.4g-l). 
Precisely Si+ and Ca+ from the Pre-addition samples (Fig. 3.4a-d, S-24DMCpre and 
S-48DMCpre) had a similar homogeneous distribution for each hybrid, only with 
some signal-depleted voids embedded. An exception from the Pre-addition 
samples was S-72DMCpre (Fig. 3.4e-f), in which a high concentration of Si 
chain-like areas were observed whilst there was no calcium signal in the same 
regions, suggesting that silicon-rich particles had formed. Similar observations 
were made for all the Post-addition samples (Fig. 3.4g-l) but with a relatively 
even Ca+ distribution in S-24DMCpost (Fig. 3.4h) and S-72DMCpost (Fig. 3.4l). In 
addition, the Si+ maps for the Post-addition samples revealed that the morphology 
of the silicon-rich particles varied with increasing reaction time between the 
GPTMS and the γ-CaPGA, from the aggregation of the silicon-rich blocks (Fig. 
3.4g, S-24DMCpost) to the silicon-rich grids with evenly spread gaps (~50 μm) 
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Fig. 3.4. ToF-SIMS secondary ion maps of Si+ and Ca+ for the silica/γ-CaPGA hybrids with the 
addition of DMC (a-f) at the onset of the reaction between GPTMS and γ-CaPGA and (g-l) after 
the reaction. Various reaction times between GPTMS and γ-CaPGA were studied here with (a) (b) 
(g) (h) 24 h; (c) (d) (i) (j) 48 h and (e) (f) (k) (l) 72 h. 
 
between each ‘hole’ (Fig. 3.4i, S-48DMCpost), and finally to the extremely dense 
silicon-rich nets with numerous tiny needle-like gaps (Fig. 3.4k, S-72DMCpost). 
 
Fig. 3.5 provided a more detailed understanding of the silicon-rich/ 
calcium-depleted phenomenon in these four hybrids i.e. S-24DMCpost, 
S-48DMCpost, S-72DMCpost and S-72DMCpre. The distribution of the silica 
network was presented by the SiOH+ maps (Fig. 3.5a, d, g and j) whilst CaO+ 
represented the possible bonding between the calcium and the carboxylic group 
from γ-PGA and/or the carbonyl group from GPTMS (Fig. 3.5b, e, h and k). 
Compared to the Si+ and Ca+ maps, the silicon-rich/calcium-depleted phenomenon 
can be seen more clearly from the SiOH+ and CaO+ images and can be observed 
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Fig. 3.5. ToF-SIMS analysis of the silica/γ-CaPGA hybrids with the addition of DMC: (a-i) after 
the reaction between GPTMS and γ-CaPGA (S-xDMCpost) and (j-l) at the onset of the reaction 
(S-xDMCpre). x = 24, 48 or 72, referring to the different reaction time between GPTMS and 
γ-CaPGA with 24 h, 48 h and 72 h. The distribution of SiOH+ and CaO+ and the overlay images of 
SiOH+ (red) and CaO+ (green) were shown from (a) (b) (c) S-24DMCpost; (e) (f) (g) S-48DMCpost; 
(e) (f) (g) S-72DMCpost and (e) (f) (g) S-72DMCpre. The scale bars are 50 μm for S-24DMCpost, 
S-48DMCpost, S-72DMCpre and 100 μm for S-72DMCpost. 
 
clearly from the overlay images of SiOH+ and CaO+ (Fig. 3.5c, f, i and l), 
especially for S-72DMCpost (Fig. 3.5i) for which it was challenging to distinguish 
the difference in the Si+ (Fig. 3.5g) and Ca+ (Fig. 3.5h) images due to the tiny 
needle-like gaps. The calcium depletion was apparent from the CaO+ maps for all 
the Post-addition samples (Fig. 3.5b, e and h) whilst their Ca+ counterparts (Fig. 
3.4h, j and l) were less characteristic. The Ca+ image from S-72DMCpost was very 
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homogeneous (Fig. 3.4l). This indicated that the total Ca+ maps do not represent 
the distribution of the calcium which chelated with the hybrids, probably because 
the degree of chelation was low and most of the calcium content was still in the 
form of calcium hydroxide rather than incorporated into either DMC/GPTMS or 
γ-PGA. 
 
From Fig. 3.4 and Fig. 3.5 it can be inferred that homogenous silica/γ-CaPGA 
hybrids can be obtained if DMC was added at the onset of the reaction between 
GPTMS and γ-PGA (Pre-addition) whilst silicon-rich particles were produced 
when DMC was added after the formation of the GPTMS/γ-PGA sol 
(Post-addition). This may be due to the hydrophobicity of unhydrolyzed DMC and 
therefore the formation of DMC droplets. DMC was slightly soluble in aqueous 
media (~14 g/100 mL) and thus the sol in the sol-gel process without hydrolysis. 
However, GPTMS or its hydrolyzed form can be dissolved in DMC while the 
γ-CaPGA cannot. In the Pre-addition hybrid sol preparation, the DMC and other 
components were added together, enabling a sufficient reaction time for the DMC 
to be hydrolyzed thoroughly and to be dispersed evenly in the sol before the 
drying process. Therefore, homogeneous hybrids can be obtained in this way. In 
contrast, DMC was added to the hybrid sol without complete hydrolysis before 
drying in the Post-addition samples, leading to the formation of hydrophobic 
unhydrolyzed DMC droplets. As GPTMS was soluble in DMC droplets while 
γ-CaPGA can only be dissolved in the aqueous phase of the sol in this case, phase 
separation occurred between the unreacted GPTMS and γ-CaPGA. Silicon 
aggregates would then form with DMC, leaving the silicon-rich/calcium-depleted 
regions after the evaporation of DMC in the drying process. The exception that 
the silicon-rich/calcium-depleted phenomenon also happened in S-72DMCpre and 
this may be because of the self-condensation of GPTMS to form silica clusters in 
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Fig. 3.6. ToF-SIMS analysis of the DMC-containing silica/γ-CaPGA hybrids synthesized with the 
24 h reaction between GPTMS and γ-CaPGA. The data were obtained from the hybrids with the 
addition of DMC: (a-c) at the onset of the 24 h reaction (S-24DMCpre) and (d-f) after the 24 h 
reaction (S-24DMCpost). Secondary ion maps showed the distribution of CNCa+, SiC2H+ and 
CH2N+. The scale bars are 50 μm for S-24DMCpost and 100 μm for S-24DMCpost. 
 
the precursor sol during the 48~72 h reacting step.  
 
To further demonstrate the silicon-rich/calcium-depleted phenomenon, the 
uniformity of GPTMS, γ-PGA and calcium and the influence of the timing of the 
addition of DMC on this uniformity were investigated (Fig. 3.6). SiC2H+ from 
GPTMS, CH2N+ from γ-PGA and CNCa+ (the possible bonding between calcium 
and the amine group from γ-PGA) in S-24DMCpre and S-24DMCpost were selected 
as the examples. All the ion distributions (Fig. 3.6a-c) were still homogeneous as 
with the Si+ and Ca+ maps presented (Fig. 3.4a and b) in S-24DMCpre. In addition, 
all the species were parallel and constant in the depth profile (Fig. 3.7a), 
suggesting the even dispersion of all the components throughout the Pre-addition 
hybrids. However, there were some signal-depleted areas (highlighted by the blue 
and red circles) in the CNCa+ image (Fig. 3.6a) whilst the corresponding ion-rich 
regions formed in the same areas in the SiC2H+ (Fig. 3.6b with the blue circles) 
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and CH2N+ maps (Fig. 3.6c with the red circles). This may imply that there was 
less incorporation of networks of DMC/GPTMS and γ-CaPGA in some regions.  
 
In terms of the Post-addition hybrids, the silicon-rich/calcium-depleted 
phenomenon was clear from comparison of CNCa+ (Fig. 3.6d) and SiC2H+ (Fig. 
3.6e). CNCa+ and SiC2H+ were indicative of γ-CaPGA and GPTMS, respectively. 
Therefore, the formation of the SiC2H+ rich regions was due to the 
aforementioned hypothesis that GPTMS dissolved in hydrophobic unhydrolyzed 
DMC droplets and remained as rich particles after the evaporation of DMC. 
Whereas γ-CaPGA was insoluble in DMC, thus γ-CaPGA was phase separated 
from the DMC-dissolving GPTMS particles, which was presented from the 
distribution of CNCa+.  
 
The CH2N+ distribution also suggested that the overall γ-PGA related content had 
a similar trend to the calcium-chelated components (Fig. 3.6f). From the depth 
profile it is clear that all the species experienced a slight decrease with depth 
except for Ca+ and CaO+ (Fig. 3.7b). The decrease of the silicon related content 
might originate the DMC/GPTMS droplets being brought to surface with the 
evaporation of the DMC during the drying process, resulting in higher 
concentration on the surface. However, an explanation of a decrease in the γ-PGA 
remains to be found. Further characterization of the surface chemical structure is 
needed to clarify this issue. It is worth noting that the distribution of CaO+ (Fig. 
3.5b) was similar to that of γ-PGA rather than GPTMS, implying that calcium 
tended to bond to the carboxylic groups from γ-PGA rather than to the carbonyl 
groups from the DMC/GPTMS. Therefore in the Post-addition samples, DMC 
may chelate with no or a lower amount of calcium. This view can be supported by 
comparing the calcium release profiles from the silica/γ-CaPGA hybrids with and 
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without the DMC addition (Fig. 3.8). The calcium release rates from both samples 
were similarly fast and therefore the addition of DMC showed less ability to 
improve calcium chelation in this case. 
 
 
 
Fig. 3.7. ToF-SIMS depth profiles of the silica/γ-CaPGA hybrids with the addition of DMC: (a) at 
the onset of the 24 h reaction (S-24DMCpre) between GPTMS and γ-CaPGA, and (b) after the 24 h 
reaction (S-24DMCpost). The intensity of the critical ions from both hybrids with sputter time was 
shown. 
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Fig. 3.8. Si and Ca release profiles of silica/γ-CaPGA hybrids with and without the DMC addition 
in Tris buffer solution. Both hybrids were synthesized with 24 h reaction between GPTMS and 
γ-CaPGA. For the DMC sample, DMC was added after the 24 h reaction (S-24DMCpost). 
(Courtesy of Jin Nakamura, Nagoya Institute of Technology) 
 
In the case of the Pre-addition samples, the SIMS results suggested well 
incorporated networks with homogeneous Ca distribution. However dissolution 
profiles were similar between samples made with and without DMC (Fig. 3.9). 
The release rate of the calcium ions has a similar trend with and without DMC, 
which is expected because chelation between –COOH groups of two γ-PGA 
molecules or between a γ-PGA and a –COOH group from DMC would not affect 
Ca release. The role of the DMC was to provide a coupling route to the inorganic 
component. If the DMC/GPTMS was successfully linked to the γ-PGA via Ca 
ions to produce a hybrid, a lower Si release might be expected. However, Fig. 3.8 
and Fig. 3.9 showed a slight increase in Si release when DMC was added, but 
although it is more than the error of the measurement the increase of ~3 µg/ml in 
24 h is small. This may be due to the fact that the GPTMS content here was used 
as both a coupling agent and an inorganic source and therefore the silica network 
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formed from the silicate component of GPTMS, anchoring the silica in place. The 
release rate of silica was then similar in all cases. Introducing a separate silica 
source such as tetraethylorthosilicate (TEOS) may produce materials with 
improved properties. Further analysis is needed to confirm whether the ionic 
coupling occurs between the DMC and γ-CaPGA. Analysis of mechanical 
properties as a function of dissolution time for hybrids with and without DMC 
would be of interest. 
 
 
Fig. 3.9. Si and Ca release profiles of silica/γ-CaPGA hybrids with and without the DMC addition 
in Tris buffer solution. Both hybrids were synthesized with 48 h reaction between GPTMS and 
γ-CaPGA. For the DMC sample, DMC was added at the onset of the 48 h reaction (S-48DMCpre). 
(Courtesy of Jin Nakamura, Nagoya Institute of Technology) 
 
 
3.3. Conclusions 
 
In this study the homogeneity of various calcium-containing silica/γ-PGA hybrid 
systems were investigated. The ToF-SIMS data revealed that the hybrids using the 
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free acid form of γ-PGA with DMSO as the solvent were heterogeneous since the 
components in the hybrids could not be evenly dispersed in the presence of 
DMSO. This suggested that DMSO was not an ideal solvent for the sol-gel hybrid 
synthesis here. By contrast, using a calcium salt form of polymers was promising 
for calcium incorporation since homogeneous hybrids can be obtained through the 
sol-gel process in this way. Modification of GPTMS with DMC was attempted as 
an alternative coupling mechanism between the inorganic and organic networks 
and its influence on the uniformity of hybrid synthesis was examined. The results 
showed that the species could be evenly distributed when DMC was added with 
other components to the sol i.e. at the onset of the coupling reaction between 
GPTMS and γ-PGA. If DMC was added after the reaction without complete 
hydrolysis the silicon-rich/calcium-depleted phenomenon occurred. Finally the 
calcium release profiles indicated that the addition of DMC did not affect calcium 
ion release and only marginally affected Si release. As a powerful chemical 
analysis technique, ToF-SIMS can provide a straightforward way of evaluating 
the performance of different materials, by studying the sample uniformity. It also 
demonstrates the feasibility of comparing various inorganic/organic hybrids, 
thereby optimizing the hybrid synthesis and processing routes.  
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Chapter  4 
Strategies for SIMS Analysis of 
Highly Porous Bone Scaffolds 
 
 
The contents in this chapter are associated with a submitted paper “Wang D, 
Poologasundarampillai G, van den Bergh W, Chater R J, Kasuga T, Jones J R and McPhail D S. 
2013 Strategies for the chemical analysis of highly porous bone scaffolds using secondary ion 
mass spectrometry (SIMS). Submitted to Biomedical Materials” [270].   
 
 
For the development and optimization of silica-based bone scaffolds, it is critical 
to understand the homogeneity of the critical elements (for example silicon, which 
is the backbone of the inorganic network) in the 3D network. Synchrotron X-ray 
micro-computed tomography (μCT) has been employed to analyze the 70S30C 
bioactive glass foam with calcium-rich regions detected near the sample surface 
due to the scaffold fabrication procedure [271]. A particle-induced X-ray emission 
(PIXE) technique associated with Rutherford backscattering spectroscopy (RBS) 
has been used to track the distribution and quantification of Si, Ca and P of a 
porous bioactive glass scaffold with another composition (75 wt% SiO2 and 25 wt% 
CaO) in the in vitro study [200]. These techniques are applicable to the elemental 
analysis of porous material; nevertheless, they fail in the acquisition of compound 
information and therefore limit their applications in the biological and organic 
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fields. 
 
ToF-SIMS has the ability to map all the elements and even compounds with high 
spatial resolution [201-205]. However, the accuracy of the SIMS analysis can be 
affected by the topography of a material and the secondary ion yield and the 
sputter yield can also be influenced by the incidence angle of the primary ion 
beam with respect to the material surface [201]. The surface roughness can even 
sometimes destroy the information in the SIMS data. Therefore, many of the 
highly porous scaffolds for bone regeneration are challenging for the SIMS 
technique. For instance, porous scaffolds fabricated by the foaming process [40, 
44, 82] or electrospun fibers [272] have interconnected pore networks, which lead 
to extreme difficulty in SIMS analysis without the modification of the sample 
surface. Also, an added complication would be locating the very small scaffold 
struts of interest. Thus, it is crucial to pay attention to the sample preparation 
procedure in order to obtain a flat sample surface for the SIMS analysis.  
 
In this chapter two strategies, i.e. Soak & Solid and Mark & Map, will be 
introduced to tackle the critical issues derived from the scaffold topography, 
enabling SIMS analysis of highly porous scaffolds. Three different types of 
bioactive bone grafts with various pore morphology were studied: a 70S30C glass 
foam and a novel calcium containing silica/gelatin hybrid scaffold both fabricated 
by the sol-gel foaming process, and 70S30C glass fibers produced by the 
electrospinning technique. Each of the samples had an extremely challenging 
structure for the SIMS analysis (Fig. 4.1) and thus the feasibility of two 
aforementioned experimental methodologies was examined. 
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Fig. 4.1. SEM images of (a) a 70S30C sol-gel glass foam, (b) electrospun 70S30C sol-gel glass 
fibers and (c) a calcium containing silica/gelatin sol-gel hybrid scaffold with the composition of 50 
wt% gelatin and with the molar ratio of Si : Ca : P of 70 : 10 : 5. The structure of each of these 
scaffolds are challenging for the SIMS technique (Fig. 4.1a and b were by courtesy of Dr. 
Gowsihan Poologasundarampillai, Imperial College London). 
 
The Soak & Solid technique involves infiltrating an appropriate reagent into the 
pores to obtain a flat material surface. To achieve a desirable product for SIMS 
analysis the following criteria should at least be fulfilled and the reagent should 
be: 
 
(i) Inert as reagents containing substances that can react with the analyzed 
sample or destroy the structure must be forbidden;  
(ii) Flowable for the impregnation of the pores with the subsequent 
solidification within the sample;  
(iii) Without any element of analytical interest to avoid interfering with the 
SIMS analysis;  
(iv) Sputtered at a similar rate to that which the sample (i.e. the matrix) 
undergoes.  
 
Due to the restrictions above the material of a sample determines the selection of 
the reagent. In this work, epoxy resin was chosen for the 70S30C glass foams and 
the electrospun 70S30C glass fibers. However, for organic and inorganic/organic 
hybrid materials resin embedment is not applicable to SIMS analysis due to the 
40 μm 200 μm250 μm
(a) (b) (c)
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masking and contamination of the organic phase by the same organic compounds 
in epoxy; therefore the following strategy Mark & Map was proposed. 
 
Mark & Map is a technique combining the focused ion beam (FIB) to indicate 
the small strut of interest, with the ToF-SIMS instrument for ion imaging. This 
methodology is based on the fact that the inferior video camera resolution of the 
ToF-SIMS is unable to locate a very small strut whereas FIB-SEM/SIMS can 
achieve this purpose by distinct SE/SI images and by fabricating fiducial marks to 
indicate the strut of interest. As a consequence, SIMS analysis of some 
challenging structures becomes feasible with the combination of both techniques. 
Moreover, this strategy can generate more convincing SIMS data since no additive 
is used for material embedment. Therefore, a highly porous calcium containing 
silica/gelatin hybrid scaffold was analyzed to verify this technique. 
 
 
4.1. Materials and Methods 
 
All the reagents were purchased from Sigma Aldrich UK unless otherwise 
specified. 
 
4.1.1. Fabrication of 70S30C bioactive sol-gel glass foam  
 
The sol-gel derived bioactive 70S30C glass foams with the nominal composition 
of 70 mol.% SiO2 and 30 mol.% CaO were provided by Dr. Gowsihan 
Poologasundarampillai, Imperial College London, and synthesized as described in 
the previous work [40]. Initially TEOS was hydrolyzed under acidic condition 
using a molar ratio of water to TEOS (R ratio) of 12 : 1 to prepare the sol-gel 
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precursor solution. Calcium nitrate tetrahydrate was then added as the calcium 
source. Subsequently a foaming process was conducted with 50 ml aliquots of sol 
by vigorous agitation with 0.5 ml of the surfactant Teepol (Thames Mead Ltd., 
London) in the presence of a gelation catalyst (2.0 ml 5 vol% HF). At the onset of 
the gelling point the resulting foamed product was poured into cylindrical 
polymethyl propylene molds which were then tightly sealed. The cylindrical 
porous glass foams were eventually obtained after the subsequent aging, drying, 
thermal stabilization at 700 ºC and furnace cooling process.  
 
4.1.2. Fabrication of 70S30C bioactive sol-gel glass fiber  
 
The 70S30C bioactive glass fibers were provided by Dr. Gowsihan 
Poologasundarampillai, Imperial College London, and were prepared as described 
previously [273]. Initially the sol-gel precursor solution for the synthesis of 
70S30C glass fibers were produced by mixing TEOS, ethanol, deionized water 
and 1N hydrochloric acid (the molar ratio was 1 : 2 : 2 : 0.01). Calcium nitrate 
tetrahydrate was added to the composition as the calcium source. A 24 h mixing 
reaction was conducted for the precursor solution at room temperature with a 
subsequent heat treatment in a 70 ºC oven. After evaporation of the solvent the 
resulting solution was loaded into a glass syringe with an attached metallic needle 
(22 gauge). A Nanofiber Electrospinning Unit (NEU, Kato Tech Co, Japan) was 
then employed for the electrospinning procedure, with a high tension field of 10 
kV applying to the metallic needle. A rotating drum covered with Teflon-coated 
aluminium foil, which was placed at a distance of 100 mm from the capillary, was 
used for the collection of the fibers. Eventually the electrospun 70S30C sol-gel 
glass fibers were obtained after drying at 60 ºC and stabilization at 600 ºC. 
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4.1.3. Fabrication of calcium-containing silica/gelatin hybrid foam  
 
The silica/gelatin hybrid scaffold (50 wt% gelatin with a molar ratio of silicon to 
calcium to phosphorous of 70 : 10 : 5) was provided by Wouter van den Bergh, 
Imperial College London, and was fabricated using a variant of the sol-gel hybrid 
synthesis modified from the previous work [82]. A hybrid sol was produced using 
gelatin (the polymer component) and TEOS (the silica content) with GPTMS 
acting as a coupling agent. Functionalization of gelatin was achieved by adding 
GPTMS to form covalent bonds between the gelatin and the silica network with a 
molar ratio of GPTMS : gelatin of 1000 [82]. A soluble calcium source was added 
using mono calcium phosphate. A foamed solution was generated by vigorous 
agitation with the addition of a surfactant and a gelation catalyst (hydrofluoric 
acid).  Once the gelling point approached the foam was cast into cylindrical 
polymethyl propylene molds and sealed tightly. The foamed products were then 
aged in a 40 ºC oven for 96 h prior to freeze drying to obtain the final porous 
hybrid scaffolds. 
 
4.1.4. Scanning electron microscope (SEM) of scaffold morphology 
 
A SEM instrument (JEOL JSM-5610 LV, Japan) with an accelerating voltage of 
15 kV was applied to observe the surface structure of the 70S30C glass foam and 
the silica/gelatin hybrid scaffold. Gold coating was used in this case. The 
electrospun 70S30C fibers coated with chromium was imaged using a field 
emission SEM equipment (Leo 1525 Gemini, Germany) with an operating voltage 
of 5 kV. 
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4.1.5. Soak & Solid 
 
This methodology was attempted on the electrospun 70S30C glass fibers and 
three 70S30C glass foams (S1, S2 and S3). Prior to ToF-SIMS analysis pressure 
impregnation was applied by filling the pores of the samples with epoxy resin 
(EpoThin®, BUEHLER), in which case the resin mixture produced was based on a 
weight ratio of epoxy resin to hardener of 10 to 4. The bulk material was ground 
and polished down to 4000 grit to flatten the sample surface once thoroughly 
solidified, and then was dried at 40 ºC to remove any moisture at its maximum 
level.  
 
A TOF.SIMS 5 instrument (ION-TOF GmbH) was then employed to analyze these 
samples with resin embedment. Prior to collecting any SIMS data a cleaning 
procedure was conducted to eliminate the sample surface contaminant using a Cs+ 
sputter gun with an energy of 1 keV (For S1 a 10 keV C60+ cluster beam was used). 
A low-energy 20 eV pulsed electron flood gun was used for charge compensation 
in all analyses. Secondary ion mapping of all the samples was undergone in the 
burst alignment mode with a cycle time of 100 μs using a 25 keV Bi3+ liquid metal 
ion source (LMIS) with approximately a current of 0.1 pA, except for S1 where a 
Bi+ LMIS with a current of 0.33 pA was used. Compared to the high current 
bunched mode the primary ion beam is not bunched in the burst alignment mode 
and the pulse time of primary ion bombardment is longer (> 80 ns), and an 
excellent lateral resolution of ~250 nm can thus be acquired [205, 274, 275]. For 
the 70S30C glass foam, ToF-SIMS imaging of 256 × 256 pixels was obtained on a 
500 × 500 μm2 area in all three struts (S1, S2 and S3). The 1 keV Cs+ beam of ~95 
nA was used to sputter the samples following each secondary ion map scan for 1s 
to generate the depth profiles, with charge compensation for 0.1s per scan. The 
114 
 
Imperial College London                                   Chapter 4 
sample surface was sputtered to form an 800 μm × 800 μm crater and a total of 
500 scans was obtained, except for S1 (1500 scans) to gain more information 
inside the material. In respect to the electrospun 70S30C glass fibers the sample 
was rastered over an area of 150 × 150 μm2 for secondary ion mapping of 1024 × 
1024 pixels at an accumulated ion dose intensity of 3.54 × 1013 ions/cm2.  
 
4.1.6. Mark & Map 
 
 
Fig. 4.2. Determination of the strut of interest from a highly porous calcium containing 
silica/gelatin hybrid scaffold by combining FIB with ToF-SIMS: (a) FIB-SIMS secondary 
ion-image of the FIB fiducial arrow (red rectangle) to indicate the strut of interest (red oval), (b) 
ToF-SIMS video camera image of the location of the FIB fiducial arrow (red rectangle), and (c) 
ToF-SIMS secondary ion-image of the strut of interest. 
 
The resin is incompatible with organic samples and thus inorganic/organic hybrid 
materials due to its organic nature. As a consequence, the Mark & Map technique 
(a) (b)
200 μm 100 μm
10 μm
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was developed to overcome this issue and was applied to a highly porous calcium 
containing silica/gelatin hybrid foam. This was achieved by initially using a 
FIB-SIMS (FIB200-SIMS, FEI Ltd) apparatus equipped with a Ga+ LMIS to 
obtain distinct secondary ion-images to determine the small strut of interest that is 
suitable for SIMS analysis (Ga+ beam current of 550 pA with a scan time of 6.34 s 
in this case), and a FIB-milling fiducial mark (i.e. a gallium arrow obtained here 
using a Ga+ beam current of 7 nA) was then fabricated to indicate the strut 
location (Fig. 4.2a). The sample was subsequently transferred to the TOF.SIMS 5 
instrument for chemical analysis. The gallium arrow could be observed under the 
video camera of the ToF-SIMS (Fig. 4.2b) and the position of the region of 
interest could therefore be approximately located, which was further determined 
by the ToF-SIMS secondary ion-image (Fig. 4.2c). Eventually secondary ion 
mapping was performed on the located strut to obtain the distributions of the 
elements and compounds of interest. A 25 keV Bi+ primary ion gun with a current 
of 0.25 pA was used to generate the ion images of 256 × 256 pixels with a raster 
size of 25 × 25 μm2 in the burst alignment mode. The total ion dose was 1.02 × 
1010 ions. Charge compensation was conducted using a low-energy 20 eV electron 
flood gun. 
 
 
4.2. Results and Discussion 
 
4.2.1. ToF-SIMS analysis of 70S30C sol-gel glass foams 
 
The sol-gel foaming process can produce bioactive 70S30C glass foams with 
highly porous structures and the pores obtained with this approach are spherical 
with numerous circular interconnections between adjacent pores (Fig. 4.1a), 
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which is extremely challenging for SIMS analysis. As a consequence, the Soak & 
Solid strategy was employed to tackle this issue. The feasibility of this technique 
was verified by comparing the ToF-SIMS secondary ion maps of the total ions 
(Fig. 4.3a) and Si+ or Ca+ (Fig. 4.3c or d), i.e. ion signals were observed 
throughout the total ion image, whilst a clear strut-shaped distribution was 
detected in both Si+ and Ca+ ion images. This can be explained by the fact that the 
epoxy resin that was used for the impregnation of the pores did not contain silicon 
and calcium, the two main components of the 70S30C glass foam. This therefore 
demonstrates that the Soak & Solid methodology is applicable to highly porous 
materials for SIMS analysis. This strategy can also be compatible with other 
inorganic materials with open porosity and is thus transferable to numerous other 
systems. 
 
ToF-SIMS secondary ion mapping and depth profiling were performed to evaluate 
the sol-gel foaming synthesis routes to produce bioactive 70S30C glass. The depth 
profiles of Si+ and Ca+ in Fig. 4.3b reveals the distribution of these two major 
elements as a function of sputter time. Initially a high intensity was observed for 
both ions, which could be due to the well-known SIMS pre-equilibrium effect. 
Subsequently the Si+ and Ca+ intensity gradually dropped and eventually leveled 
off. The Si+ and Ca+ signals were parallel and constant in the steady region of the 
profile suggesting that there was no change in composition with depth. It should 
be noted nevertheless that the ToF-SIMS depth profile data points were collected 
from a large area of 500 × 500 μm2 in the crater base and lateral variations in 
composition may occur.  
 
Fig. 4.3c-k present the ToF-SIMS Si+ and Ca+ maps to investigate three samples 
(S1, S2 and S3) and several interesting observations can be made at the interface 
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Fig. 4.3. ToF-SIMS analysis of 70S30C glass scaffolds synthesized by the sol-gel foaming process. 
Three samples with epoxy resin impregnation were investigated: (a-e) S1, (f-h) S2 and (i-k) S3.  
 
Secondary ion maps present the distribution as follows: 
(a)  Total secondary ion map of sample 1 (S1); 
(c)  (d)  (e)  Elemental maps of sample 1 (S1) for Si+, Ca+ and (Si+ + Ca+); 
       (f)  (g)  (h)  Elemental maps of sample 2 (S2) for Si+, Ca+ and (Si+ + Ca+); 
       (i)  (j)  (k)  Elemental maps of sample 3 (S3) for Si+, Ca+ and (Si+ + Ca+). 
 
The depth profiles of Si+ and Ca+ in S1 (b) indicate the intensity of these ions of interest as a 
function of sputter time. The field of view is 500 × 500 μm2. The red arrows reveal the regions 
where there is more calcium than silicon whilst the red arrows present the inverse case. The scale 
bar is 100 μm for all the images. 
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between the pores and the scaffold struts. On examining sample 1 (S1) Fig. 4.3c 
and d indicate silicon depleted and calcium-rich areas in the same areas along 
some of the pore contours, respectively (highlighted by the red dashed boxes). 
This can be clearly seen by the indications of the red arrows in the overlay image 
of Si+ and Ca+ (Fig. 4.3e). Whereas regions where Si+ was dominant can also form 
at the interface between the pores and the struts (indicated by a white arrow), and 
therefore this brings more complexity to the case.  
 
In respect to sample 2 (S2) and sample 3 (S3), Fig. 4.3f and i show that Si+ was 
relatively evenly distributed. Regarding the distribution of Ca+ a fairly high 
intensity can be seen in some areas (Fig. 4.3g and j). The similar silicon-depleted/ 
calcium-rich phenomenon that occurred in sample S1 can also be observed along 
some of the contours of the pores in S2 and S3 (indicated by the red arrows, Fig. 
4.3h and k). However Fig. 4.3k presents an inverse case in that Si+ tended to 
accumulate around some small closed pores in sample S3 (indicated by the white 
arrows). 
 
It has been reported by Lin et al. on 70S30C sol-gel monolith synthesis that the 
calcium and nitrate ions dissolved in the synthesis by-products and leached out of 
the silica gel during the aging process, and on drying these ions were driven to the 
surface regions of the silica matrix due to the evaporation of the by-products and 
were eventually re-deposited onto the sample surface [53]. This was further 
confirmed by Yu et al. who reported that traditional calcium salts such as calcium 
nitrate and calcium chloride went through this leaching-out and re-deposition 
process [97]. More recently μCT was employed to investigate the porous 70S30C 
glass foams and this qualitatively indicated a preferential deposition of calcium 
near the scaffold surface [271]. Therefore, it was generally believed that the 
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theory of leaching-out/re-deposition of calcium ions was also applicable to the 
synthesis of 70S30C foams during the sol-gel foaming process. However, in this 
work it has been clearly indicated by the ToF-SIMS evidence that the Ca did not 
necessarily re-deposit near or at the surface regions of the struts of the foamed 
scaffold since in some cases silicon enrichment was observed at the interface 
between the pores and the scaffold struts. This suggests that during the aging 
process of the 70S30C foamed scaffolds Ca did not absolutely leach out with the 
synthesis by-products around the foamed gels in the way that was described by 
Lin et al. for the 70S30C monoliths. Therefore a more detailed study investigating 
the way the synthesis by-products forms in and around the 70S30C foamed gels is 
required to further explain the pattern of calcium deposition presented in these 
secondary ion maps. In addition, the ToF-SIMS data also showed that the two 
main components (Si and Ca) were distributed heterogeneously, and this implies 
that the calcium nitrate source and the silica network cannot be evenly dispersed 
into the scaffolds during the synthesis process. 
 
4.2.2. ToF-SIMS analysis of electrospun 70S30C sol-gel glass fibers 
 
During the electrospinning process a high tension electric field is applied, 
resulting in a highly charged solution. A Taylor cone is formed when the charge 
repulsion within this solution is greater than the surface tension, from which a 
stable jet is ejected and travels towards the grounded collector (Fig. 4.4). The 
stable jet undergoes bending and whipping instabilities which are responsible for 
thinning the initial jet and lead to the formation of nanofibers. In the case of the 
synthesis of electrospun 70S30C sol-gel glass fibers sub-micron diameter sized 
long fibers were obtained (Fig. 4.1b). A hypothesis is proposed here that phase 
separation of the two main components (silicon and calcium) along the fibers 
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Fig. 4.4. Schematic illustration of the fabrication process of 70S30C sol-gel glass fibers by 
electrospinning. A hypothesis was proposed that positive charges Ca could be forced to distribute 
in the fiber end due to the same-charge repulsion from the jet device, which is presented by the 
zoom-in SEM image (SEM image courtesy of Dr. Gowsihan Poologasundarampillai, Imperial 
College London).   
 
 
Fig. 4.5. ToF-SIMS secondary ion mapping of (a) Si+ and (b) Ca+, and (c) an overlay ion image of 
Si+ (red) and Ca+ (green) in the electrospun 70S30C sol-gel glass fibers with epoxy resin 
impregnation. (d) SEM image of the same fibers indicating the existence of the fiber end. 
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could occur since the application of a high voltage to the 70S30C sol-gel 
precursor solution may cause repulsion of charges such as Ca2+ and SiO4-. In this 
study ToF-SIMS was employed to verify this hypothesis and the Soak & Solid 
strategy was used for sample preparation due to the highly porous morphology of 
the electrospun fibers (Fig. 4.1b). 
 
Fig. 4.4 briefly presents the possibility of the calcium accumulation on fiber ends 
during the electrospinning of 70S30C sol-gel glass fibers. This could be due to the 
same-charge repulsion from the positively-charged Taylor cone and therefore Ca2+ 
may be repulsed and may accumulate at oriented ends. Fig. 4.5a and b presents 
the distribution of Si+ and Ca+ respectively, and Fig. 4.5c shows the overlay image 
of both species. A calcium-rich aggregation with high intensity was observed 
(indicated by the red circle, Fig. 4.5b) whereas there was no silicon signal in the 
same place (Fig. 4.5a). The dimension of the calcium spot was approximately 4 
μm in diameter and this is accordance with the fiber size obtained under the SEM 
(Fig. 4.1b). To further examine the existence of the fiber end SEM imaging was 
conducted on the same area of the ToF-SIMS secondary ion maps. A circular 
structure beside the fibers with resin embedding can be clearly detected (Fig. 
4.5d). As a consequence, the fiber end repelled by the jet device did capture 
calcium at a high concentration. In addition, the heterogeneous distribution of Si+ 
and Ca+ along the fibers was seen in Fig. 4.5a and b. This suggests that during the 
electrospinning process in the short time of turning a homogeneous solution into a 
solidified fiber the diffusion and redistribution of the calcium can occur, resulting 
in microscale phase separation that could be observed in the secondary ion maps. 
Although more work is required to support the proposed hypothesis, the 
ToF-SIMS technique facilitate understanding the distribution of Si+ and Ca+ along 
the fiber. 
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4.2.3. Mark & Map strategy for a calcium containing silica/gelatin hybrid 
scaffold 
 
The Mark & Map strategy provides an opportunity to analyze porous organic and 
inorganic/organic hybrid materials by SIMS. In addition, more convincing SIMS 
data can be achieved without any sample modification using this approach. In this 
work, a novel calcium containing silica/gelatin hybrid scaffold synthesized by the 
sol-gel foaming process was investigated using this methodology. Mahony et al. 
developed the silica/gelatin hybrid scaffolds and proposed the molecular structure 
previously [82]. However, in this study calcium incorporation into such a hybrid 
was attempted for the first time using a soluble calcium phosphate. To evaluate 
the feasibility of such a calcium source ToF-SIMS was employed here to examine 
the homogeneity of some critical elements and compounds. 
 
 
Fig. 4.6. Schematic illustration of a calcium containing silica/gelatin hybrid foam synthesized by 
the sol-gel foaming process and ToF-SIMS secondary ion mapping of the relevant elements and 
compounds of interest. Scale bar is 10 μm for all the images. 
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Fig. 4.6 shows the expected molecular structure of this new hybrid system with 
calcium incorporation estimated from the ToF-SIMS data. The inhomogeneity of 
all elements and compounds suggests that the hybrid sol cannot be evenly 
dispersed in the scaffold during the sol-gel foaming synthesis routes. All 
ToF-SIMS images exhibited an enhanced secondary ion intensity at the bottom 
right hand corner, which could be caused by a SIMS charging effect in which 
small variations in surface potential lead to non-uniform secondary ion emission 
across the scanned area. However, the results are still very useful and some 
important trends can be observed in the Si+ and Ca+ maps, revealing that Si and 
Ca had a clearly different distribution. The Si distribution was relatively 
homogeneous whereas Ca tended to accumulate to form some calcium-rich 
aggregates.  
 
Covalent inorganic/organic coupling between the gelatin and the silica network 
through the coupling agent GPTMS had been demonstrated to occur in the 
synthesis of silica/gelatin hybrids previously [82]. The associated mechanism 
hypothesized by Mahony et al. was similar to that of silica/γ-PGA hybrids as 
follows: Initially gelatin is functionalized with GPTMS. This was achieved by the 
nucleophilic attack of the -COOH groups on the gelatin to open the epoxide ring 
of GPTMS, resulting in the functionalization of gelatin with trimethoxysiliane 
groups [276]. Once a separate silica source (hydrolyzed TEOS) is introduced, the 
methoxysilane groups of GPTMS should hydrolyze, leaving -SiOH groups that 
can condense with -SiOH groups in the silica network, therefore covalently 
coupling the gelatin to the silica [82].  
 
The ToF-SIMS secondary ion maps presented in this study (Fig. 4.6) supports the 
above hypothesis. Si+ and SiOH+ were selected here to represent the silica 
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network whilst CSiO2+ was indicative of the link between GPTMS and the silica 
network. As can be seen in Fig. 4.6, the CSiO2+ distribution was similar to that of 
Si+ and SiOH+, suggesting that the silica and gelatin are interpenetrating networks 
with covalent bonds between the components: a true hybrid. As a consequence, 
the different trends of Si+ and Ca+ distribution implies that the soluble calcium 
phosphate source cannot be successfully incorporated into this hybrid system, 
rather it remains unevenly distributed after the hybrid synthesis process.  
 
Here CN+, which can only be sputtered from the amine group of the gelatin, was 
detected with the ToF-SIMS. The distribution of CN+ resembled that of the silica 
network (shown by the CSiO2+ and SiOH+ images) but still exhibited a distinct 
difference, and this suggests that part of the gelatin was functionalized with 
GPTMS and thus the silica network while another proportion was not. As a 
consequence, when the calcium phosphate was incorporated into the hybrid it may 
be linked to the gelatin in two ways: to the covalently coupled (functionalized) 
gelatin and to the unreacted gelatin. The P+ map was consistent with this 
hypothesis, exhibiting a distribution between that of Si+ (indicative of the hybrid) 
and Ca+ (mainly from the unreacted calcium) and therefore more uniformity. Two 
calcium containing species (CNCa+ and CaO+) also suggested two different 
calcium incorporation routes respectively. Calcium can be incorporated into the 
hybrid system through the carboxylic group of gelatin [90]. CaO+ was used to 
represent such an occurrence and distributed in a way that was similar to the 
unreacted calcium (indicated by the Ca+ image). Therefore, it can be inferred that 
in this case the calcium tended to chelate the unfunctionalized gelatin that was not 
covalently coupled. CNCa+ implied another possibility of calcium chelation, i.e. 
calcium may also chelate the gelatin through the amine group. The CNCa+ image 
showed that the CNCa+ distribution was between that of Ca+ and Si+ but more 
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resembled the Si+ and thus the hybrid distribution. This may suggest that calcium 
tends to be incorporated into the hybrid system through the amine group of the 
gelatin. This can be easily explained since the carboxylic group from the gelatin in 
the hybrid was used to covalently link the GPTMS and therefore cannot bond to 
calcium in this case. Therefore, introducing the soluble calcium phosphate into 
this silica/gelatin hybrid scaffold as the calcium source is not suitable for 
producing a homogeneous composition. As a consequence, another calcium 
incorporation method has to be devised. 
 
 
4.3. Conclusion 
 
In this study two experimental methodologies that overcome the topography 
challenges for the SIMS analysis of various highly porous artificial bone grafts 
were examined and verified. By infiltrating an appropriate reagent into the pores 
of the scaffolds (Soak & Solid) a flat sample surface can be obtained for the 
SIMS analysis, and this approach was demonstrated to be a promising method. 
Owing to the resin impregnation different synthesis routes to produce a porous 
bioactive 70S30C glass scaffold, i.e. glass foams fabricated by a foaming process 
and glass fibers synthesized by electrospinning, can be evaluated and compared 
by ToF-SIMS. In respect to the 70S30C glass foams, there was more calcium 
distribution along the contour of the pores in some cases. This could be explained 
by the fact that the calcium could dissolve in the synthesis by-products and was 
therefore driven to open pores during the evaporation of by-products. Calcium 
re-deposition on the pores subsequently occurred after the drying process. 
However, silicon-rich regions were also observed around the pores in other cases. 
Therefore, further study is required to understand this phenomenon. Regarding the 
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electrospun 70S30C glass fibers, the accumulation of calcium on the fiber ends 
was observed, which could be due to the same-charge repulsion from the jet 
device during fiber synthesis. 
 
In the case of porous organic or inorganic/organic hybrid scaffolds, the resin 
masking of the same organic compounds that are presented within the analyzed 
sample can be overcome by the Mark & Map method. This is achieved by 
initially producing a gallium fiducial mark to determine the strut of interest with a 
FIB instrument. Subsequently the treated sample would be transferred to a 
ToF-SIMS instrument for secondary ion mapping. SIMS analysis of a very small 
region of interest in an extremely porous material therefore becomes feasible by 
the combination of the FIB and the ToF-SIMS techniques. In addition, the SIMS 
data obtained with this approach would be more convincing due to the absence of 
resin embedment. In this work, a distinct and heterogeneous distribution of Si and 
Ca species was observed, which implied that the calcium phosphate was not an 
optimal precursor for calcium incorporation in the sol-gel hybrid synthesis. 
 
Both strategies demonstrated the feasibility of analyzing various highly porous 
bone grafts, and this will facilitate the improvement of the scaffold synthesis and 
process routes and therefore the properties of the materials. These methodologies 
can also be applicable to many other types of porous scaffold, and thus they will 
assist more generally in the SIMS analysis of materials with challenging 
structures.  
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Chapter  5 
Freeze Casting of Silica/Chitosan 
Hybrid Scaffolds 
 
 
Chitosan hybrids have been synthesized through the sol-gel process in the 
previous work [103, 124, 125, 133], but for these hybrid materials GPTMS was 
used as the inorganic source, which means adjusting the GPTMS content to alter 
the inorganic/organic coupling degree would also change the inorganic/organic 
ratios simultaneously; therefore, independent control of composition is needed. 
With the addition of a separate silica source such as TEOS and using GPTMS as a 
coupling agent, hybrid properties such as mechanical properties and degradation 
rates can be tailored by controlling the inorganic/organic ratio and the coupling 
degree (molar ratio of the polymer and GPTMS) [82, 84, 90]. 
 
In addition, the porous GPTMS/chitosan hybrid scaffolds produced previously 
from the freeze drying technique had isotropic microstructures (Fig. 1.7) [125]. 
However, the structures of various tissues (e.g. sub-articular cartilage and skeletal 
muscle) are complex and oriented from site to site, resulting in anisotropic 
mechanical properties. Therefore, it is promising to fabricate a scaffold with 
unidirectional microstructures.  
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The development of the freeze casting provides a strategy to obtain porous 
scaffolds with aligned microstructures and the unique anisotropic structure can 
yield anisotropic mechanical response, where a scaffold should be stronger and 
stiffer along the freezing direction with highly ordered microstructures [168, 189, 
190, 194]. Mechanical properties and pore sizes can also be tailored by adjusting 
several parameters during freeze casting such as freezing rate i.e. higher cooling 
rate leads to finer structures and therefore higher compressive strength along the 
freezing direction, and temperature gradient direction, which affects the 
directionality of oriented pore walls [189, 191, 194]. 
 
The aim of this work was to develop class II silica/chitosan hybrid scaffolds with 
anisotropic pore structures by combining the sol-gel process and the freeze casting 
technique. GPTMS was used as the coupling agent to covalently couple the 
chitosan and the silica network. TEOS was introduced into the hybrid system to 
allow independently control of inorganic content. The effect of cooling rate on 
pore size/porosity was examined with the freeze cast hybrid scaffolds synthesized 
at two different rates (5 °C/min and 10 °C/min). In addition, the influences of 
incorporated TEOS amount and GPTMS quantities on chemical 
structures/crosslinking, scaffold morphology and mechanical properties of hybrid 
scaffolds were also investigated. 
 
 
5.1.  Experimental and characterization methods 
 
5.1.1. Fabrication of freeze cast silica/chitosan hybrid scaffold 
 
Freeze cast silica/chitosan hybrid scaffolds were fabricated with various 
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inorganic/organic weight ratios and molar ratios of chitosan and GPTMS (GCs), 
as shown in Table 5.1. This was achieved by maintaining the chitosan 
concentration in solution for all the compositions whilst varying the hydrolyzed 
TEOS and GPTMS content added to the hybrid system. 
 
The inorganic component in the hybrids was determined as the sum of the silica 
species (SiO2) from both the hydrolyzed TEOS and GPTMS in this work. It was 
assumed that 1 mole of hydrolyzed TEOS or GPTMS would yield 1 mole of SiO2. 
The total organic content was derived from chitosan and the organic part of 
GPTMS. Therefore the separation of GPTMS into two components was 
considered for calculating inorganic/organic weight ratios.  
 
The coupling degree of chitosan and GPTMS was controlled by adjusting the 
GPTMS quantity, according to the following equation: 
 
GPTMS
chitosan
n
n
GC =                           (5.1) 
 
where nchitosan and nGPTMS were the moles of chitosan and GPTMS, respectively. 
Specifically nchitosan was obtained from: 
 
uniteddeacetylat
chitosan
chitosan
M
m
n =                      (5.2) 
 
where mchitosan was the mass of chitosan powder used for scaffold synthesis and 
Mdeacetylated was the molecular weight of deacetylated unit in chitosan. This was 
applied due to the fact that only the deacetylated unit was expected to react with 
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GPTMS. For instance, GC4 means every fourth repeating deacetylated unit of 
chitosan was functionalized with one molecule of GPTMS. 
  
For comparison freeze cast pure chitosan scaffolds (termed FC chitosan here) and 
scaffolds without the addition of GPTMS (here termed NoGC) were also 
investigated as control groups. A list of freeze cast scaffolds with various 
compositions that were investigated in this work is given in Table 5.1. 
 
Table 5.1 Notation of different freeze cast scaffolds studied in this work. 
Sample code Organic GC 
6040 GC4 40 wt% 
4 5050 GC4 50 wt% 
4060 GC4 
60 wt% 
4060 GC2 2 
4060 GC1 1 
4060 NoGC - 
FC chitosan 100 wt% - 
 
5.1.1.1. Preparation of class II silica/chitosan hybrid sol 
 
All reagents were supplied by Sigma Aldrich UK unless otherwise indicated. Fig. 
5.1 describes the synthesis steps of class II silica/chitosan hybrid sol, with the 
expected reaction occurring in each step. Initially 1.5g chitosan powder (Mw: 
50~150 kDa, degree of deacetylation of 75%) was added to 87 mL deionized 
water to achieve a chitosan solution concentration of ~17 mg/mL (Fig. 5.1a). For 
dissolving the chitosan powder 3.25 mL of 2N hydrochloric acid (HCl) was added 
dropwise to allow chitosan protonation and eventually to adjust the pH of the 
solution to 4 for further functionalization with GPTMS (Fig. 5.1a). Stirring was 
kept for 24 h to obtain fully dissolved chitosan solution. A pH of 4 was selected to 
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Fig. 5.1. Schematic for the synthesis procedure of class II silica/chitosan hybrid sol. 
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give a balance between reactivity and solubility and was based on the previous 
research done by Connell et al. The nucleophilic reaction is acid catalyzed, but if 
the pH is too low the epoxy ring opens spontaneously in water-induced, forming 
diols, which prevents the nucleophilic reaction occurring [277]. If the pH is above 
5 the solubility of the chitosan reduces, therefore a pH of 4 was chosen. 
 
To obtain freeze cast pure chitosan scaffolds (FC chitosan) for comparison with 
silica/chitosan hybrid scaffolds, the chitosan solution was directly transferred to 
the freeze caster at this point.  
 
For the synthesis of silica/chitosan hybrid sol, functionalization of chitosan and 
GPTMS was subsequently carried out by adding an appropriate amount of 
GPTMS into chitosan solution. The hypothesis was that the primary amine group 
(-NH2) of chitosan would react with the epoxide ring of GPTMS (Fig. 5.1b), 
leading to the formation of secondary amine (-NH). Simultaneously the other end 
of the GPTMS molecules were hydrolyzed to form silanol groups under acidic 
conditions, which was used for crosslinking a separate silica network in the next 
step. Connell et al. reported that sufficient time was needed for the coupling 
reaction between chitosan and GPTMS [277]. Therefore, the sol was stirred for 3 
days. A reaction temperature of 40 °C was chosen for functionalization, and this 
was driven by the observation from Gabrielli et al. that the coupling reaction 
between GPTMS and propanoic acid can be accelerated at elevated temperature 
[278]. A functionalized sol with various GCs should be obtained in this step. 
 
The inorganic content can be controlled independently by introducing a separate 
silica source TEOS. A silica network precursor was prepared by the hydrolysis of 
TEOS using an R ratio of 4 (the molar ratio of water to TEOS) and a water/HCl 
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(2N) volume ratio of 3 (Fig. 5.1c), based on the previous work [277]. The silica 
sol was vigorously agitated for 1 h to fully hydrolyze TEOS and added to the 
functionalized chitosan sol, which was mixed for further 30 mins to produce a 
class II silica/chitosan hybrid sol for freeze casting (Fig. 5.1d). 
 
The detailed quantity of reagents used for the synthesis of scaffolds with various 
compositions is summarized in Table 5.2. 
 
Table 5.2 Details of the quantity of chemical used for various scaffold synthesis in this work. 
Sample code Chitosan /g GPTMS /mL Hydrolyzed TEOS 
   TEOS /mL H2O /mL 2N HCl /mL 
6040 GC4 
1.5 
0.59 
9.29 3.02 1.00 
5050 GC4 6.02 1.96 0.65 
4060 GC4 3.84 1.25 0.42 
4060 GC2 1.19 3.98 1.29 0.43 
4060 GC1 2.37 4.28 1.39 0.46 
4060 NoGC - 3.69 1.20 0.40 
FC chitosan - - - - 
 
5.1.1.2.  Freeze casting 
 
Once the aforementioned silica/chitosan hybrid sol was obtained, a freeze casting 
process was applied to fabricate porous scaffolds with aligned structures. It was 
initiated by pouring the hybrid sol into a Teflon mold with a copper base on one 
side, which was then transferred to a freeze caster and placed on the copper top of 
a cold finger that had an integrated thermocouple (Fig. 5.2). Liquid nitrogen was 
used for cooling down the system temperature to freeze the hybrid sol, whilst 
ethanol was used as a buffer solution to sustain the temperature due to the rapid 
evaporation of liquid nitrogen. The freezing kinetics can be controlled using a 
programme controller to adjust the associated parameters such as cooling rate and 
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Fig. 5.2. Illustration of the cross section of a freeze casting system with a programme controller for 
the fabrication of silica/chitosan hybrid scaffolds. 
 
final frozen temperature. This can be achieved by the thermocouple being placed 
under the copper base of the mold to detect the instant sol temperature and feed it 
back it to the programme controller. The ring heater was placed around the 
metallic rod (cold finger) to generate, adjust and conduct the heat through the 
copper base to the sol according to the feedback from the programme controller.  
 
Fig. 5.3 illustrates the phase transition of the silica/chitosan hybrid sol from the 
liquid state to a final porous scaffold due to the freeze casting and freeze drying 
process. The hybrid sol was unidirectionally frozen from the bottom of the mold 
(the side with the copper base) and then cooled down from 20 °C to −100 °C or 
−120 °C at a rate of 5 °C/min or 10 °C/min for sufficient freezing, respectively. 
The resulting gel dwelled at the final frozen temperature for 7 mins for ensuring a 
Programme Controller Cold Finger
Ethanol
Liquid Nitrogen Ring Heater
Thermocouple
Teflon Mold
Hybrid Sol
Copper Base
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thoroughly frozen solid. The frozen sample was then taken from the Teflon mold 
and transferred to a CoolSafe110-4 freeze-drier for a three-day drying process. 
The ice crystals inside the sample were therefore sublimated and lamellar 
structures can be formed. 
 
 
Fig. 5.3. Illustration of a unidirectional freeze casting process for silica/chitosan hybrid sol. The 
sol undergoes the physical phase transition from initially the liquid state at room temperature to 
gradually form a frozen solid with cooling temperature, and to eventually become a porous hybrid 
scaffold after the sublimation of ice crystals. The red arrow indicates the formation of the first ice 
layer. 
 
5.1.2. Evaluation of hybrid crosslinking and chemical structure 
 
5.1.2.1. Dissolution study 
 
Tris(hydroxymethyl)aminomethane/HCl (Tris, (HOCH2)3CNH2) is widely used as 
a buffer solution. Due to its salt free property Tris buffer solution was used to 
study the dissolution stability of freeze cast silica/chitosan hybrid scaffolds with 
various compositions in this work, thereby estimating the influences of 
inorganic/organic weight ratios and molar ratios of chitosan and GPTMS (GCs) 
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on the crosslinking degree of hybrid chemical structures. Therefore, 4060 GC1, 
4060 GC2, 4060 GC4, 5050 GC4, 6040 GC4 hybrid scaffolds were investigated, 
with 4060 NoGC and FC chitosan scaffolds as the control groups. The dissolution 
behavior of hybrid scaffolds was analyzed from the silicon ion release profile in 
Tris buffer solution, which was obtained using inductive coupled plasma-optical 
emission spectroscopy (ICP-OES, iCAP 6300, Thermo Scientific).  
 
ICP-OES can detect elemental concentrations accurately in solution on the basis 
of the ionization of sample aerosol formed in a nebulizer, resulting from the firing 
of an argon plasma flame. Electrons are elevated to a higher energy level, and 
when they return, electromagnetic radiation at specific wavelengths characteristic 
for each element are released, which is measured by the optical emission 
spectrometer (OES) [279]. 
 
0.05 M Tris buffer solution was adjusted to pH 7.3 at 37 ºC with 2N HCl for 
mimicking a physiological pH [280]. The ratio of sample mass to Tris solution 
volume was kept constant for all samples, which was defined by Jones et al. [72]. 
80 mg of hybrid scaffold was immersed into 120 mL Tris buffer solution and 
immediately transferred to a desiccator under the vacuum condition for 5 mins to 
remove air bubbles within scaffolds for sample sinking. Orbital shaking was 
subsequently carried out at 120 rpm at 37 ºC in an incubator shaker (New 
Brunswick Scientific C24 Incubator/Shaker). 1 mL sample solution was extracted 
at 1, 2, 4, 8, 24, 72, 168 h and replaced by 1 mL fresh Tris solution for 
compensation. Triplicate sample measurement was employed for each 
composition (n = 3). Prior to the ICP-OES measurement, the sample solutions 
were first diluted 10 times by analytical grade 2N nitric acid (HNO3) to be within 
the silicon standard concentration range (up to 20 μg/mL) in the calibration curve.  
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To investigate the change of chemical structures of freeze cast scaffolds after the 
Tris dissolution study, the post-dissolution samples were obtained after four-week 
immersion by filtration, washing with deionized water and acetone and drying at 
37 ºC for a week. FTIR and TGA were applied to analyze the samples. 
 
5.1.2.2.  Fourier transform infrared spectroscopy 
 
Fourier transform infrared spectrometry (FTIR) can be used for the determination 
of the types of covalent bonds and therefore the estimation of the sample 
composition. This is achieved by exposing a sample to infrared light with a range 
of wavelengths. Covalent bonds that have a dipole moment can absorb the 
infrared radiation at their resonant frequency, leading to the bond vibration i.e. 
bending and stretching, and such vibration is characteristic of a certain type of 
covalent bond. 
 
A Nicolet iS10 FT-IR spectrometer (Thermo scientific) was used to obtain FTIR 
spectra of freeze cast scaffolds in the attenuated total reﬂectance (ATR) mode. 
Scaffolds were investigated before and after four-week Tris immersion to 
compare the difference of chemical structures for 4060 GC1, 4060 GC2, 4060 
GC4, 5050 GC4, 6040 GC4 and 4060 NoGC. FC chitosan scaffold and 
commercial chitosan powder were also analyzed for comparison. Scaffolds were 
ground into fine powder and dried at 40 ºC prior to FTIR analysis. Spectra were 
obtained in the range of 500~4000 cm-1 at a resolution of 4 cm-1 and averaged 
over 32 scans.  
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5.1.2.3.  Solid state nuclear magnetic resonance spectroscopy 
 
Solid state nuclear magnetic resonance (NMR) was employed to assess whether 
the coupling between chitosan and the silica network was successful and if 
successful, how much the crosslinking degree can be achieved with varying 
inorganic/organic weigh ratios and molar ratios of chitosan and GPTMS. This 
work was in collaboration with Frederik Romer and Professor John Hanna, 
Department of Physics in University of Warwick. The following freeze cast hybrid 
scaffolds were investigated: 4060 GC1, 4060 GC2, 4060 GC4, 5050 GC4 and 
6040 GC4. 
 
13C cross-polarization magic angle spinning NMR (13C CP-MAS NMR) was used 
to examine the reactions between/within chitosan and GPTMS. The 13C CP-MAS 
data were acquired on a Bruker DSX-400 spectrometer with a 9.4 T magnet 
operating at 100.3 MHz. The samples were spun at 10 kHz using a Bruker 4 mm 
HX probe. The initial 1H π/2 pulse was 2.5 µs and the contact time was 1 ms. The 
recycle time was 3 s and 3072 transients were recorded on each sample for an 
experimental time of approximately 3 hours. 
 
29Si magic angle spinning NMR (29Si MAS NMR) was applied to investigate the 
crosslinking degree of the silica network from GPTMS and TEOS. The 29Si one 
pulse data were acquired on a Varian InfinityPlus spectrometer with a 7.05 T 
magnet operating at 56.59 MHz. The samples were spun at 5 kHz using a Bruker 
7 mm HX probe. The excitation pulse duration was 6 µs for a tip angle of ~π/4. 
The recycle time was 240 s and the acquisition time of each experiment was 
approximately 24 hours. The relative intensity of the silica Qn and Tn species were 
determined from the deconvolution of the spectra. 
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5.1.2.4. Thermal analysis 
 
Thermal analysis of freeze cast silica/chitosan hybrid scaffolds was conducted by 
thermogravimetric analysis (TGA). TGA is a common type of thermal 
measurement of the change of sample mass due to increasing temperature. The 
technique was used to determine how much chitosan remained in the scaffolds 
before and after immersion in Tris buffer.  
 
The following freeze cast scaffolds were studied before and after the four-week 
Tris dissolution study: 4060 GC1, 4060 GC2, 4060 GC4, 5050 GC4, 6040 GC4, 
4060 NoGC and FC chitosan. This can be used to estimate whether the inorganic 
and organic components were successfully crosslinked and therefore had a 
congruent degradation.  
 
The samples were finely ground and dried at 40 ºC to remove any moisture to a 
maximum level prior to the thermal analysis. TGA was carried out using a 
Netzsch 449 C STA instrument. Samples were placed in a platinum crucible and 
heated from 25 to 800 ºC in air environment at a heating rate of 10 K/min, with a 
blank platinum crucible as a reference. 
 
5.1.2.5.  Time-of-flight secondary ion mass spectrometry 
 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) was applied to 
determine the distribution of critical elements and compounds in a 4060 GC1 
hybrid monolith. The homogeneity of the silica/chitosan hybrid was examined 
laterally using secondary ion mapping and depth profiles were carried out to 
analyze the chemical change in depth. 
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The 4060 GC1 hybrid monolith was synthesized as described in Section 5.1.1.1 
but once the silica/chitosan hybrid sol was obtained, it was then poured into 
polystyrene molds, tightly sealed and transferred to a 40 ºC oven for aging, gelling 
and eventually drying with mold lids open. For SIMS analysis, the hybrid 
monolith was ground and polished down to 4000 grit to obtain a flat sample 
surface, followed by the further drying process at 40 ºC to remove any moisture. 
 
ToF-SIMS data were acquired with a TOF.SIMS 5 instrument (ION-TOF GmbH). 
The sample was sputtered for 1s for each scan with a C60+ sputter ion beam with a 
current of ~1.1 nA at 10 keV energy. A sputtered crater of 500 μm × 500 μm was 
formed. Secondary ion mapping was performed within an area of 250 μm × 250 
μm in the sputter crater center to avoid the edge effect, using a 25 keV Bi3+ 
primary ion gun of about 0.5 pA with a cycle time of 100 μs in the high current 
bunch mode. Each scan provides an image with 256 × 256 pixels. Sputtering and 
surface imaging were alternated, with a total of 500 scans. A low-energy 20 eV 
pulsed electron flood gun was used for charge compensation. 
 
5.1.3. Hybrid scaffold morphology 
 
5.1.3.1.  Scanning Electron Microscopy 
 
The pore morphology and microstructures of the freeze cast scaffolds fabricated at 
different cooling rates with various compositions were imaged by using a 
scanning electron microscope (SEM, JEOL JSM-5610 LV) with an accelerating 
voltage of 5~15 kV and working distance between 9~22 mm. Scaffolds were 
sliced gently parallel and perpendicular to the freezing direction so that the 
differences of pore structures in both directions can be examined. All samples 
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were stuck with carbon double-sided tapes on an aluminum die and gold coated at 
20 mA for 2 min before imaging. 
 
5.1.3.2. Porosity measurement 
 
It is vital to understand the porosity of a scaffold for tissue regeneration since high 
porosity and interconnectivity can facilitate the exchange of nutrient, oxygen, 
metabolic wastes and molecular signaling and thus cell proliferation [14, 139, 
149-153].  
 
Porosity measurement of various freeze cast scaffolds (4060 GC1, 4060 GC2, 
4060 GC4, 5050 GC4, 6040 GC4 and FC chitosan) was carried out on the basis of 
the following equation: 
 
100)1(Porosity%
skeletal
bulk ×
r
r
−=               (5.3) 
where ρbulk is the bulk density and ρskeletal is the skeletal density of a scaffold. The 
bulk density, ρbulk, was calculated from ρbulk = mbulk/Vbulk. The bulk mass mbulk and 
the bulk volume Vbulk are the overall mass and volume of an intact hybrid scaffold 
including pores and were measured with a weighing scale (± 0.0001 g) and a 
digital calliper (± 0.01 mm), respectively (n = 5). 
 
Helium gas pycnometry (Ultrapycnometer 1000, Quantachrome) was used to 
obtain the skeletal density (ρskeletal, true density) of hybrid scaffolds by measuring 
the skeletal volume of scaffolds excluding pores with known skeletal mass. The 
principle behind is that the atomic dimensions of helium gas are sufficient small to 
penetrate any pore approaching 10-10 m in a scaffold. True volume of a scaffold 
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with the elimination of space occupied by pores can therefore be measured. 
Scaffolds were ground into powder prior to measurement to achieve enough mass 
(~1 g) due to the light weight of samples. Multiple runs per sample measurement 
(20 times) were set from the machine to ensure accuracy and the measurement of 
each composition was repeated three times (n = 3). 
 
5.1.4. Compression testing 
 
The anisotropic microstructures of freeze cast silica/chitosan hybrid scaffolds 
were expected to achieve different mechanical behaviors for each direction, i.e. 
scaffolds should be stronger along the freezing direction whilst be softer in 
another. Compression testing was therefore employed to verify the hypothesis. In 
addition, the effects of varying inorganic/organic weight ratios, coupling degree 
(GCs) and cooling rates (5 and 10 °C/min) during freeze casting on compressive 
strengths in both directions were also examined. Thus, the following freeze cast 
scaffolds were studied: 4060 GC1 10 °C/min, 4060 GC2 10 °C/min, 4060 GC4 of 
5 and 10 °C/min, 5050 GC4 of 5 and 10 °C/min, 6040 GC4 of 5 and 10 °C/min 
and FC chitosan 10 °C/min. 
 
Compression testing was carried out using a Zwick/Roell Z2.5 machine with a 2 
kN load cell at a compression extension speed of 0.5 mm/min. Five of each type 
of freeze cast scaffolds (n = 5) were investigated parallel (cylindrical scaffolds 
used in this case) and perpendicular (cubic scaffold shape used here) to the 
freezing directions with a width/thickness ratio of approximately 1 : 1.1. Samples 
were typically 20 mm and 18 mm in width and thickness, respectively. 
 
The compressive strength, the strain to failure and the compressive modulus were 
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determined in this work. Here the compressive strength was defined from the 
stress-strain curve as the maximum strength just before the start of the failure of a 
scaffold. The strain to failure was also found as the strain at the point of failure 
where compressive strength started dropping significantly. The compressive 
modulus was examined graphically by calculating the gradient of the linear region 
of the stress-strain curve. 
 
 
5.2. Class II Hybrid – freeze cast silica/chitosan 
scaffold  
 
A class II inorganic/organic hybrid is a nanocomposite in which both inorganic 
and organic components interact at the molecular level through the covalent 
bonding [13, 41]. Therefore, to determine whether the freeze cast silica/chitosan 
scaffolds fabricated in this work are true hybrids, it is essential to understand 
whether chitosan has successfully been linked covalently to the silica network 
through the coupling agent GPTMS.  
 
The hypothesis is that the nucleophilic primary amine group (-NH2) from chitosan 
can attack the epoxy ring of GPTMS, resulting in the cleavage of the C-O bond of 
the epoxide ring and the formation of the secondary amine linkage 
(-Cchitosan-NH-CGPTMS-) between chitosan and GPTMS (Fig. 5.1b, functionalized 
chitosan sol). The trimethoxysilane groups on another end of GPTMS hydrolyze 
simultaneously under acidic conditions to form the silanol groups. This provides 
the reaction sites for the incorporation of a separate silica network, which is due to 
the hydrolysis and condensation of TEOS with the formation of siloxane bonds 
(Fig. 1.2). Eventually the condensed silica network can be covalently crosslinked 
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to the chitosan through the bridging of GPTMS and a class II silica/chitosan 
hybrid sol can be obtained (Fig. 5.1d). Since the freeze casting procedure is a 
physical process without the addition of any additive in this work, it is therefore 
believed that the chemical structure/state will not change from the aforementioned 
hybrid sol to the final product freeze cast hybrid scaffold. 
 
To verify the hypothesis various characterization techniques (i.e. Solid state NMR, 
FTIR, TGA, ToF-SIMS and Tris dissolution test) were employed. The influences 
of the GPTMS content and the inorganic/organic ratio on the hybrid chemical 
structure were examined. Five samples with the following compositions were 
studied. 60 wt% organic hybrids with different molar ratios of chitosan and 
GPTMS (4060 GC1, 4060 GC2 and 4060 GC4), 50 wt% organic hybrid (5050 
GC4) and 40 wt% organic hybrid (6040 GC4). All the samples tested herein were 
freeze cast scaffolds fabricated at the cooling rate of 10 °C/min unless otherwise 
indicated. 
 
5.2.1. Solid state NMR study 
 
13C CP-MAS NMR allowed the detection of the reactions occurring between 
chitosan and GPTMS in silica/chitosan hybrids. Fully assigned 13C CP-MAS 
NMR data are shown in Fig. 5.4. The assignments of resonances of both 
acetylated and deacetylated units in chitosan backbone were made on the basis of 
13C chemical shifts and are numbered from 1 to 8 [277], whilst those identified 
with the GPTMS molecule are numbered from a to f [281]. The identification of a 
resonance at δ ~175 ppm in all compositions is unambiguous evidence of the 
existence of an acetyl unit present in the chitosan that is used in this work. In 
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Fig. 5.4. 13C CP-MAS NMR spectra of freeze cast silica/chitosan hybrid scaffolds with 60 wt% 
organic of GC1 (4060 GC1), GC2 (4060 GC2) and GC4 (4060 GC4), 50 wt% organic of GC4 
(5050 GC4) and 40 wt% organic of GC4 (6040 GC4) (NMR spectra courtesy of Frederik Romer, 
Department of Physics, University of Warwick). 
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addition, the methoxy groups (Si-O-CH3) associated with GPTMS [282] are 
usually identified by a 13C resonance at δ ~50 ppm [282], however this resonance 
is clearly absent from these data suggesting that the hydrolysis of GPTMS to form 
silanol groups proceeds to completion. 
 
Connell et al. used a combination of 15N one pulse and 1H-13C HSQC experiments 
(representing 1H and 13C coupling through one bond) to demonstrate that the only 
covalent coupling occurring between chitosan and GPTMS was through the 
primary amine from the deacetylated unit (-NH2) [277]. From Fig. 5.4 the 13C 
resonance labeled ‘a’ (associated with the carbon in the epoxy ring) at δ ~47 ppm 
shows that this species reacts with the primary amine to form a secondary amine. 
An increase in the GPTMS content in samples GC4 to GC1 results in an increased 
intensity of resonance a, suggesting there is more crosslinking between chitosan 
and GPTMS and therefore more chitosan/silica coupling. However, there was no 
change to the resonance intensity when comparing the hybrid scaffolds with 
different inorganic/organic ratios (i.e. 6040, 5050 and 4060 GC4). This implies 
that this parameter shows minor influences on tailoring the inorganic/organic 
coupling degree in this work. It is worth noting that the resonance at δ 64 ppm has 
been attributed to the formation of a diol (CH2OH), as the attack of epoxide ring 
of GPTMS by water in acidic solutions can lead to the formation of this species 
(see Fig. 5.5) [281, 283]. This reaction is preferentially favored over the reaction 
between chitosan and GPTMS [277]. 
 
However, a direct evidence that showed the reaction occurring between chitosan 
and GPTMS at primary amine was indicated by Connell et al. [277]. 15N MAS 
NMR was used to analyze silica/GPTMS hybrid scaffolds synthesized by the 
freeze drying technique and an extra signal around 350 ppm (circled in red) was 
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Fig. 5.5. Schematic for the formation of a diol (circled in blue) when the epoxy ring of GPTMS is 
opened by water in acid solution. 
 
 
Fig. 5.6. 15N MAS NMR spectra of the pure chitosan scaffold and the chitosan/GPTMS hybrid 
scaffold fabricated by the freeze drying technique, with deconvolution also shown (Adapted from 
[277]). The extra peak indicated by the red circle implies the formation of secondary amine due to 
the reaction between GPTMS and chitosan. 
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detected compared to the pure chitosan scaffold (Fig. 5.6). Such extra nitrogen 
species beside the primary amine peak could be due to the formation of secondary 
amine caused by the open epoxide ring of GPTMS reacting with the primary 
amine group from chitosan. 
 
Therefore, combining the 13C and the 15N NMR results demonstrated that chitosan 
has been successfully incorporated into GPTMS and therefore the silica network, 
and freeze cast silica/chitosan hybrid scaffolds in this work were true class II 
hybrids.  
 
29Si MAS NMR data were acquired to quantify the degree of condensation and the 
interconnectivity of the silica network structure of the silica/chitosan hybrid 
scaffolds with various compositions. From the 29Si MAS NMR data of Fig. 5.7a 
two distinct regions can be clearly observed at δ ~−60 ppm and δ ~−100 ppm 
corresponding to the silica T and Q species, respectively. The amount of T species 
indicates the degree of crosslinking between GPTMS and the silica network. The 
Tn denotes a silicon atom bonded to a carbon (GPTMS in this case) with n 
bridging oxygens (-Si-O-Si-). The Q species describe the connectivity of the silica 
network and the Qn denotes a silicon with n bridging oxygens (see Fig. 5.7b) 
[284]. Therefore, a higher value of n in T and Q species indicates a more 
interconnected silica network, e.g. a silica network containing only T3 and Q4 
structures represents a fully condensed network. 
 
From the 29Si MAS NMR spectra (Fig. 5.7a) it is clear that the Q3 and Q4 
structures are the dominant Q species in all hybrid scaffolds with no Q1 species 
able to be detected. This suggests that the silica matrix formed a highly condensed 
silica network with the formation of bridging oxygen (Si-O-Si) bonds. The 
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Fig. 5.7. (a) 29Si MAS NMR spectra of freeze cast silica/chitosan hybrid scaffolds with 40 wt% 
organic of GC4 (6040 GC4), 50 wt% organic of GC4 (5050 GC4) and 60 wt% organic of GC4 
(4060 GC4), GC2 (4060 GC2) and GC1 (4060 GC1) with deconvolution also shown (NMR 
spectra courtesy of Frederik Romer, Department of Physics, University of Warwick). (b) 
Schematic for the chemical structure of the silicon T1, T2, T3, Q1, Q2, Q3 and Q4 species. 
 
absence of T1 species also indicates that silica portion of the GPTMS molecules 
underwent a high degree of condensation, forming a silica network. An increase in 
the GPTMS content from GC4 to GC1 caused significant concomitant increase in 
the intensity of both the T2 and T3 species, and the intensity of the resonance due 
to the Q4 structure is also larger. The intensity of Q4 is lower than that of Q3 in the 
hybrid scaffolds of GC4, but it slightly exceeds the intensity of the Q3 species 
when the molar ratio of chitosan and GPTMS reached 2 (GC2). Eventually the Q4 
intensity surpasses the Q3 intensity in the GC1 composition. 
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However, further analysis of the 29Si MAS NMR data is required to ascertain the 
real structural effects incurred by the inorganic and organic components and the 
associated degree of condensation describing each system, within the various 
samples from 6040 GC4 to 4060 GC1. Although the quantification of the Qn and 
Tn speciation for all hybrid scaffolds is achieved directly from the intensities of 
the 29Si MAS NMR data (see Table 5.3 and the visual representation shown in Fig. 
5.8), the real degree of condensation (Dc) of the silica network from GPTMS and 
TEOS is calculated from Eqn. 5.4 using the proportions of all Tn and Qn species 
[277]: 
 
%100
4
Q4Q3Q2
3
T3T2
D
43232
c ×




 ++
+
+
=         (5.4) 
 
These results are given in Table 5.3b. For a given inorganic/organic coupling 
degree (GC4), increasing the organic content from 6040 GC4 to 4060 GC4 
resulted in the decrease of the relative abundance of Q4 and the increase of the T 
species proportion (Fig. 5.8). The intensity of Q4 dropped from 44.7% in the 40 wt% 
organic hybrid scaffold to 40.6% in the 60 wt% organic sample (Table 5.3a). 
Conversely, the intensity of T3 and T2 species increased from 2.5% in 6040 GC4 
to 4.1% in 4060 GC4 and from 1.0% to 6.0% (Table 5.3b), respectively. The 
decrease of Q4 could be due to less TEOS (the separate silica source) being 
introduced into the hybrid with 60 wt% organic while a higher organic content 
could also increase the disruption of the silica matrix by causing less Si-O-Si bond 
formation and therefore a less condensed silica network. In addition, the GPTMS 
content was proportional to the amount of chitosan with a certain GC. Therefore, 
the 4060 GC4 hybrid scaffold had more GPTMS incorporated than 6040 GC4. In 
this respect, the 60 wt% organic hybrid scaffold might crosslink more silica 
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Table 5.3 Deconvolution of 29Si MAS NMR spectra for freeze cast silica/chitosan hybrid scaffolds 
with various compositions, showing (a) the Q species and (b) the T species and the condensation 
degree Dc. δ, Δ and I represent the 29Si chemical shift, the linewidth full-width half-maximum and 
the relative intensity, respectively (Courtesy of Frederik Romer, Department of Physics, University 
of Warwick). 
(a) Q2 Q3 Q4 
δ 
/ppm 
Δ 
/ppm 
I  
/% 
δ 
/ppm 
Δ 
/ppm 
I  
/% 
δ 
/ppm 
Δ 
/ppm 
I  
/% 
6040 GC4 -93.3 6.6 8.2 ± 0.5 -102.1 6.6 43.5 ± 0.5 -111.0 7.8 44.7 ± 0.6 
5050 GC4 -92.9 7.0 8.7 ± 0.9 -101.6 6.4 43.5 ± 0.8 -110.6 7.3 42.8 ± 1.0 
4060 GC4 -93.6 6.0 6.3 ± 0.8 -101.7 6.2 43.0 ± 0.8 -110.6 7.3 40.6 ± 0.9 
4060 GC2 -92.7 8.7 7.0 ± 1.0 -102.6 7.3 35.0 ± 0.8 -111.4 7.3 39.9 ± 0.8 
4060 GC1 -93.5 6.1 3.3 ± 1.8 -101.6 6.4 23.6 ± 1.9 -110.7 7.9 41.6 ± 2.4 
 
(b) T2 T3 Dc 
δ /ppm Δ /ppm I /% δ /ppm Δ /ppm I /% % 
6040 GC4 -56.2 4.0 1.0 ± 0.3 -65.2 6.8 2.5 ± 0.6 84.6 
5050 GC4 -57.4 5.9 2.2 ± 0.8 -65.2 5.7 2.7 ± 0.8 83.9 
4060 GC4 -58.8 9.5 6.0 ± 1.2 -66.7 4.9 4.1 ± 0.6 84.1 
4060 GC2 -58.3 8.7 8.4 ± 1.0 -66.9 6.8 9.6 ± 0.8 84.9 
4060 GC1 -57.7 8.3 14.4 ± 2.5 -66.5 7.0 17.1 ± 2.1 87.7 
 
species in the silica network formed by TEOS, thereby resulting in more Si-O-Si 
bonds linked to the GPTMS and thus an increase of T species. However, the 
condensation degree (Dc) of the silica network from GPTMS and TEOS were 
similar in all three compositions, i.e. 84.6% for 6040 GC4, 83.9% for 5050 GC4 
and 84.1% for 4060 GC4 (Table 5.3b), suggesting that the influence of the 
inorganic/organic ratios was minor on the connectivity of the silica network in this 
case. 
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Fig. 5.8. Relative intensity of Q and T species from deconvolution of the 29Si MAS NMR spectra 
for various freeze cast silica/chitosan hybrid scaffolds. 
 
For a given inorganic/organic ratio (60 wt% organic), the relative proportions of T 
species increased dramatically with more GPTMS incorporation (Fig. 5.8). More 
precisely, T2 increased from 6.0% in 4060 GC4 to 14.4% in 4060 GC1 whilst T3 
increased from 4.1% to 17.1% (Table 5.3b), and this was expected as the GC1 
hybrid scaffold had highest GPTMS content. With respect to the Q species, the 
4060 GC1 hybrid scaffold had a similar proportion of Q4 species (41.6%) 
compared to the hybrids with GC2 and GC4 (40.6% and 39.9%). However, the 
proportion of Q3 species dropped significantly from 43.0% in GC4 to 23.6% in 
GC1 (Table 5.3a). As the amount of GPTMS increased from GC4 to GC1 the 
percentage of T3 and T2 species increased at the expense of Q3 species, but 
percentage of Q4 species remained constant. The reduction in silicon with 
non-bridging oxygens in hybrids with a higher proportion of GPTMS resulted in a 
more highly condensed silica network (percentage of Q4 + T3 for GC1 was 59% 
compared to 45% for GC4). This is supported by an increase of the condensation 
degree Dc from 84.1% in GC4 to 87.7% in GC1 (Table 5.3b). 
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Therefore, the amount of coupling agent GPTMS has a greater influence on the 
condensation of the silica network in the hybrids than the inorganic/organic ratio. 
A more highly interconnected silica network can be achieved by increasing the 
crosslinking (GPTMS content) whilst tailoring the inorganic/organic amount 
showed minor effects in this work. 
 
5.2.2. Tris dissolution test 
 
For tissue regeneration, a hybrid scaffold should biodegrade in vivo over time and 
have a controlled degradation performance [41]. The Tris dissolution test was 
therefore employed to investigate the degradation behavior of various freeze cast 
silica/chitosan hybrid scaffolds. The effects of the GPTMS quantity and the 
inorganic content on the crosslinking degree of the hybrid scaffolds can also be 
examined by the dissolution study. Fig. 5.9 showed the silicon release profiles of 
various freeze cast scaffolds. The increase of the silicon concentration in solution 
over time indicated the dissolution activity of the silica network in scaffolds. 
 
 
Fig. 5.9. Silicon release profiles in Tris buffer solution up to one week for freeze cast hybrid 
scaffolds with varying GC and inorganic/organic weight ratio. The 60 wt% organic hybrid without 
the GPTMS addition (4060 NoGC) was also investigated for comparison. 
0
20
40
60
80
100
120
0 25 50 75 100 125 150
Si
lic
on
 (μ
g/
m
L)
Time (h)
6040 GC4
5050 GC4
4060 NoGC
4060 GC4
4060 GC2
4060 GC1
154 
 
Imperial College London                                   Chapter 5 
By varying the GPTMS content, it can be clearly seen that silicon in scaffold 
released more rapidly as percentage of GPTMS decreased from the 4060 GC1 
sample to 4060 NoGC. More specifically, in the 4060 GC1 hybrid scaffold silicon 
had the slowest release rate in all samples and the silicon concentration released to 
the Tris solution was increasing even until the end of the one-week dissolution test. 
Whilst regarding the 4060 GC2 and 4060 GC4 hybrids, the released silicon 
reached the maximum concentration level and become stable after 72 h and 24 h, 
respectively. Without the addition of GPTMS for coupling, the 4060 NoGC 
scaffold had the maximum silicon release within only 4 h. Therefore, the existence 
of GPTMS performed a critical function on tailoring the dissolution of the silica 
network. This may be due to the fact that increasing the GPTMS content resulted 
in more formation of bridging oxygen silicon bonding (Si-O-Si) and therefore a 
more condensed silica network, which has been shown in the previous solid state 
NMR results (Table 5.3). In addition, the higher proportion of the silicon T species 
in the sample with more GPTMS incorporation (Fig. 5.8) suggested a more firm 
inorganic/organic coupling, which can retard the scaffold degradation rate. 
However, a lowest value of the final silicon concentration (86 μg/mL) released to 
the Tris buffer after one week in the sample without GPTMS incorporation (4060 
NoGC), compared to its GPTMS-coupled counterparts (4060 GC4, GC2 and 
GC1). This phenomenon also occurred in the silica/PGA hybrid systems of 
various GCs and could be explained by the highly and tight inorganic/organic 
coupling forcing more silicon to enter the solution with the chitosan as chitosan 
was released from the scaffold [285].   
 
For the comparison of the 6040 GC4, 5050 GC4 and 4060 GC 4 hybrid scaffolds, 
no regular trend in the silicon release rate can be found by varying the 
inorganic/organic weight ratio, i.e. the silica network did not have a faster/slower 
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degradation rate by increasing inorganic content. It was worth noting that silicon 
released to the Tris buffer in the 4060 GC4 hybrid was much higher (around 120 
μg/mL) in the stable release region after 24 h, compared to the other two GC4 
scaffolds (around 100 μg/mL for both hybrids). This was in agreement with the 
observation from Connell et al. and could be explained by the disruption of the 
silica network due to the high organic content over a threshold in 4060 GC4 and 
therefore the formation of the silica network segment [277]. This suggests that an 
appropriate inorganic/organic ratio must be carefully considered when designing 
the silica/chitosan hybrid scaffold to obtain a fully interconnected silica network. 
 
The Tris dissolution study indicated the successful crosslinking of freeze cast 
silicon/chitosan hybrid scaffolds with introducing the coupling agent GPTMS, and 
also presented the tailorable degradation rate of such hybrids, which is promising 
for tissue regeneration. In the next two sections, further study on the coupling 
degree of inorganic and organic component and the degradation performance in 
hybrids was carried out using FTIR and TGA, by comparing the freeze cast 
scaffolds before and after the Tris solution immersion. 
 
5.2.3. FTIR analysis 
 
FTIR was used in this work to determine the change in critical covalent bonds in 
freeze cast silica/chitosan hybrid scaffolds, thereby inferring the covalent coupling 
occurring in/between the inorganic and organic components. Fig. 5.10 shows the 
FTIR spectra of freeze cast scaffolds with various compositions, ranging from 700 
to 1800 cm-1. For comparison and band assignments for the covalent bonds in 
hybrid scaffolds, the same commercial chitosan powder used for the hybrid 
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Fig. 5.10. FTIR spectra of commercial chitosan powder and freeze cast scaffolds with various 
compositions. 
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synthesis and a freeze cast pure chitosan scaffold (FC chitosan) were also 
analyzed.  
 
An intensive band was located around 1030 cm-1 in all freeze cast hybrid scaffolds 
and can be assigned to the stretching vibrations of the silicon bridging oxygen 
bonds (Si-O-Si), with a band found beside around 945 cm-1 representing the 
non-bridging oxygens (Si-OH) in the silica network [82, 277]. The Si-OH band 
had the most reduction and was difficult to distinguish for the hybrid scaffold with 
most GPTMS content (4060 GC1). This suggests that a more highly condensed 
silica network was formed in 4060 GC1 compared to other hybrid scaffolds since 
more silicon non-bridging oxygens were turned into bridging oxygen bonds. This 
presents the function of increasing the GPTMS amount to increase the 
crosslinking degree of the silica network and is in agreement with the solid state 
29Si NMR results (Table 5.3). However, the Si-OH band can be seen most clearly 
in the hybrid scaffolds with highest inorganic amount (6040 GC4). This could be 
explained by the fact that more silica content introduced by TEOS can produce 
more silica species for both Si-O-Si and Si-OH bonds than the hybrids with less 
inorganic content, resulting in more IR absorption and therefore a more 
distinguished IR band.   
 
Regarding the chitosan component two typical bands can be detected at 1651 and 
1589 cm-1 in the commercial chitosan powder, which were corresponding to the 
C=O stretch of the secondary amide (Amide I) in acetylated units, and the N–H 
bending of the primary amine in deacetylated units (Amide II), respectively [286, 
287]. These two bands shifted to lower frequencies i.e. to 1622 and 1518 cm-1 
respectively when the original chitosan powder was dissolved and synthesized as 
a freeze cast scaffold. This phenomenon was also applicable to all other hybrid 
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scaffolds. This may be due to the protonation of chitosan in acidic condition [288]. 
An important observation was that the Amide II band decreased with the increase 
of the GPTMS content. More specifically, for the samples without the GPTMS 
incorporation (chitosan powder, FC chitosan and 4060 NoGC) the absorbance of 
the Amide I bond was higher than that of Amide II; whereas with the addition of 
GPTMS the situation turned to an inverse i.e. the Amide II band absorbance 
exceeded Amide I. This could be due to the fact that there was no reaction was 
expected to occur in the acetylated units of chitosan whilst the chitosan can react 
with GPTMS through the primary amine group (NH2) to form a secondary amine 
(Cchitosan-NH-CGPTMS), resulting in the absorbance decrease of Amide II (N–H 
bending of the primary amine) [289]. Further evidence was that the Amide II band 
diminished more with increasing the GPTMS amount from GC4 to GC1 and 
nearly disappeared in 4060 GC1. This suggests that introducing more GPTMS can 
promote the covalent coupling between chitosan and GPTMS and therefore the 
4060 GC1 hybrid scaffold had the most inorganic/organic crosslinking reaction, 
which complemented the finding in the 13C NMR data (Fig. 5.4).  
 
The freeze cast scaffolds immersed in Tris buffer solution for 4 weeks were also 
analyzed by FTIR to compare the aforementioned original hybrids, thereby 
investigating the dissolution behavior and the crosslinking of hybrid. Amide 
bands can still be observed in all spectra, indicating that chitosan was still present 
in the hybrids (Fig. 5.11). Fig. 5.11 showed two evident changes in covalent 
bonds compared to Fig. 5.10, as indicated by the significant reduction in the 
absorbance of the non-bridging oxygen (Si-OH) band and the ambiguous 
appearance of the Amide II band for all samples.  
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Fig. 5.11. FTIR spectra of freeze cast scaffolds with various compositions after four-week 
immersion in Tris buffer solution. 
 
The decrease of the non-bridging oxygen band could be due to the lower stability 
of the Si-OH bond than that of the Si-O-Si bond; therefore, the degradation of the 
silica network commenced from the dissolution of the Si-OH structure and 
consequently few non-bridging oxygens were left after the Tris immersion. 
Regarding the phenomenon that the Amide I band was still distinct whilst Amide 
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dissolution of the deacetylated units (inferred from Amide II due to the primary 
amine) in chitosan was more prominent than that of the acetylated units (inferred 
from Amide I due to the C=O bond). This could be explained by the successful 
crosslinking of chitosan and the silica network through the primary amine group 
and the reacted deacetylated units therefore dissolved with the silica, leaving the 
acetylated units behind.  
 
To conclude, FTIR analysis further indicates that chitosan was successfully 
bonded covalently to the silica network through the coupling agent GPTMS. The 
results also showed a significant benefit from GPTMS to the crosslinking of 
inorganic and organic components, i.e. increasing the GPTMS content can 
promote the coupling degree of freeze cast silica/chitosan hybrid scaffolds. 
 
5.2.4. TGA evaluation 
 
Thermal analysis can be used to evaluate the thermal degradation behavior of a 
material at increasing temperature. TGA was employed in this work to estimate 
the crosslinking of different components in the freeze cast hybrid scaffolds with 
various compositions. This was achieved by measuring the weight loss of the 
samples before and after immersion in Tris buffer for four weeks, thereby 
inferring whether the components in hybrids had a congruent degradation. 
 
TGA thermograms of various hybrid scaffolds before and after the Tris dissolution 
are presented in Fig. 5.12 and the residual weight percentage of each material is 
plotted as a function of temperature. Three regions with significant mass change 
can be clearly seen in both Fig. 5.12a and b. An initial weight loss from room 
temperature to ~120 °C was shown in Region I, which could be due to the 
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Fig. 5.12. TGA thermograms of freeze cast silica/chitosan scaffolds with various compositions (a) 
before and (b) after the four-week Tris dissolution test. 
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of amine groups in chitosan and the combustion of organic components of hybrids 
in Region II and III, respectively [290, 291] .  
 
To gain more quantitative understanding of the dissolution behavior of the freeze 
cast scaffolds inferred from the TG analysis, the percentages of mass change are 
given and compared in Fig. 5.13 for each composition before and after the 
four-week Tris immersion. The inorganic and organic components of a class II 
hybrid are expected to degrade congruently in solution as they are covalently 
linked to each other at the molecular level [13, 41]. The differences of the mass 
change of 6040 GC4 and 5050 GC4 before and after the Tris dissolution test were 
subtle, i.e. 45% and 45.24% for 6040 GC4 whilst 54.9% and 56% for 5050 GC4, 
respectively. The results indicate that the similar amounts of the organic content 
still remained in the hybrids after the dissolution and all burned out at high 
temperature. This suggests that the inorganic and organic components in 6040 
GC4 and 5050 GC4 hybrids had a similar degradation rate and therefore tends to 
support the hypothesis.  
 
 
Fig. 5.13. Percentage of mass change with quantitative values for freeze cast silica/chitosan 
scaffolds with various compositions before and after the four-week Tris dissolution test. 
6040 GC4 5050 GC4 4060 NoGC 4060 GC4 4060 GC2 4060 GC1
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However, the data showed an inverse expectation regarding the 60 wt% organic 
hybrid scaffolds (Fig. 5.13). A significant change can be seen for all the hybrids 
with the GPTMS incorporation after the dissolution (8.8% for GC4, 7.5% for GC2 
and 6.3% for GC1), and this infers that the silica network degraded more rapidly 
than the chitosan in these samples. Whereas the scaffold without the GPTMS 
coupling (4060 NoGC) only had a minor variation as if it were a true class II 
hybrid. In fact this phenomenon coincides with the observations from the silicon 
dissolution profiles in Fig. 5.9, where larger proportions of the silicon release 
were shown in the 4060 GPTMS-coupled samples than in other compositions. 
Since this did not take place in the hybrids with lower organic content (6040 GC4 
and 5050 GC4) and in the sample without GPTMS; it can therefore be deduced 
that the phenomenon was the consequence of the joint action of the high organic 
content and the incorporation of GPTMS. The influence of GPTMS on enhancing 
the chitosan/silica crosslinking was demonstrated positively from the results in the 
previous sections. Chitosan can tightly bond to the silica network through the 
covalent coupling and the connectivity of the silica network may therefore control 
the dissolution. However, the higher concentration of chitosan in solution may 
cause more activity of the molecule chain entanglement. This may lead to the 
disruption to the silica network and thus the formation of several silica network 
segments [277], which may further accelerate the silicon release. 
 
With the combination of the TG analysis and other aforementioned 
characterization techniques, a more comprehensive understanding of the effects of 
the GPTMS and inorganic/organic content on the hybrid chemical structures and 
the associated properties has been provided. As a consequence, the importance of 
selecting a suitable composition, especially an appropriate inorganic/organic ratio 
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is again emphasized herein, in order to design a desirable hybrid scaffold for 
tissue regeneration.   
 
5.2.5. Hybrid homogeneity determined by ToF-SIMS 
 
ToF-SIMS analysis was carried out to determine the distribution of critical 
elements and compounds in the silica/chitosan hybrid. The composition 4060 GC1 
was investigated as a representative due to the excellent chemical properties 
revealed by the previous results. 
 
ToF-SIMS secondary ion maps are presented in Fig. 5.14 to understand the lateral 
homogeneity of ion distribution. Si+ (the matrix of the silica network) and Si2O+ 
(the silicon bridging oxygens) were chosen to represent the silica network. SiCH2+ 
was indicative of the bond between the silica network and the coupling agent 
GPTMS. The distribution of chitosan was then examined through the NCH2+ 
maps.  
 
It can be clearly seen from the homogeneous intensity of the images in Fig. 5.14 
that all the species from the silica/chitosan hybrid were evenly distributed. This 
suggests that the silica network and the chitosan were successfully incorporated 
into each other and well dispersed in hybrid through GPTMS using the sol-gel 
synthesis route. 
 
Fig. 5.15 shows the ToF-SIMS depth profiles of all the aforementioned species to 
study their distribution within the hybrid. An unstable area can be observed before 
the dashed line, which could be due to the well-known SIMS pre-equilibrium 
effect. In this region the implanted atoms from the ion beam was varying the 
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Fig. 5.14. Estimated schematic of a class II silica/chitosan hybrid in this work and ToF-SIMS 
secondary ion maps for the corresponding critical elements and compounds in the 4060 GC1 
hybrid (circled in red). Scale bar is 50 μm for all the images. 
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chemistry of the near surface of the sample, and the secondary ion yields and the 
sputter yields were therefore changing until achieving an equilibrium state. In the 
stable regions the intensity of all ions was parallel and constant. This suggests that 
there was no change in composition with depth for all the species within hybrid. 
However, it should be noted that the intensity of the ions from the depth profile 
cannot represent the real species concentration in hybrid and were only related to 
the performance of the ionization probability.  
 
ToF-SIMS analysis provided a strategy to demonstrate the uniform distribution 
and desirable integration of chitosan and the silica network at fine scale. 
Homogeneous chemical and mechanical properties of the hybrid can therefore be 
retained throughout the bulk of the material.  
 
 
 
Fig. 5.15. ToF-SIMS depth profiles of the critical ions shown in the ToF-SIMS secondary ion maps. 
The intensity of the ions with sputter time was presented. 
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5.3. Highly ordered hybrid scaffold structure  
 
One of the major features using the unidirectional freeze casting technique is to 
acquire a porous scaffold with oriented microstructures and tailorable pore size 
and porosity [189, 191, 194]. In this work the morphology of freeze cast scaffolds 
were investigated by varying compositions and cooling rates, in order to examine 
the influence of these factors on the scaffold microstructures. 
 
 
Fig. 5.16. Series images showing the freeze cast silica/chitosan hybrid scaffolds with different 
shapes and oriented structures (indicated by the blue arrows). Light source was given to obtain the 
clearer scaffold appearance (shown on the right of the image). The top and bottom views of the 
scaffold are given to present the differences of the structures due to the unidirectional freeze 
casting process.   
 
Different shapes and sizes of the freeze-cast silica/chitosan hybrids can be 
obtained simply by using various molds and all the scaffolds exhibited similar 
oriented textures by appearance due to the unidirectional freezing from the mold 
bottom (the side directly contacted with the copper base during the freeze casting 
DIRECTIONAL
a
Bottom ViewTop View
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process) to the top, which can be seen from the zoom-in image and indicated by 
the blue arrows (Fig. 5.16). A rough surface can be observed from the top of the 
scaffold, suggesting the pore formation; whilst a dense solid without pores can be 
seen at the scaffold bottom (the top left of Fig. 5.16). The planar non-porous 
bottom surface was due to homogeneous ice nucleation occurring near the copper 
base, which caused the random orientation and the high growth velocity of the 
initial ice crystals, resulting in the engulfment of all the particles in the hybrid sol 
by the ice and therefore the formation of a dense plane [167, 191]. After that the 
ice front velocity decreased with the gradual increase of directional temperature 
gradient and the formation of oriented ice crystals thus became dominant, leaving 
the lamellar pore structures after the ice sublimation during the freeze drying 
process [167, 191].  
 
 
Fig. 5.17. X-ray micro-computed tomography (µCT) images of a freeze cast 60 wt% organic 
hybrid scaffold fabricated at a cooling rate of 10 ℃/min (4060 GC4 10 ℃/min), which show the 
typical microstructures (a) perpendicular and (b) parallel to the freezing direction (µCT images 
courtesy of Dr. Sheng Yue, School of Materials, University of Manchester). 
 
The oriented microstructures can be verified by the non-destructive µCT images 
in Fig. 5.17, which shows the highly ordered lamellar structures along the freezing 
direction (Fig. 5.17b). A cellular morphology with elongated and angular pores 
(a) (b)
150 μm
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can also be observed from the direction perpendicular to what the ice crystals 
grew (Fig. 5.17a). Therefore, anisotropic structures were formed by using the 
unidirectional freeze casting technique, which is promising for anisotropic tissue 
regeneration such for sub-articular cartilage and skeletal muscle application. 
 
To further investigate the pore structures obtained by freeze casting, SEM images 
of the scaffolds with various compositions were shown. Fig. 5.18 presents the 
cross-section of the scaffold structures in the directions perpendicular to the 
freezing direction. Although the pores of all the freeze cast scaffolds had a cellular 
morphology in this direction, the pore shapes varied with the inorganic and the 
GPTMS content. More specifically, petal-like structures formed in the freeze cast 
pure chitosan scaffold (FC chitosan) with elongated pores. Once introducing the 
silica content such elongation remained in the high organic hybrid scaffolds with 
low GPTMS incorporation (4060 GC4) but the pores became more angular. 
Increasing the inorganic content (from pure chitosan to 6040) and the GPTMS 
amount (from 4060 GC4 to 4060 GC1) led to the reduction in the elongation 
degree and the formation of polygonal pores, which was reflected by the decrease 
of the long axis length of the pores. When the increase of the inorganic/organic 
weight ratio (here shown by the 5050 and 6040 hybrids) or the decrease of the 
molar ratio of chitosan and GPTMS (here presented by the GC2 and GC1 hybrids) 
exceeded a threshold, both long and short axis of pore tended to be more similar 
in length and more regular pore morphology can be obtained.   
 
As a consequence, regarding the pore size measurement it is challenging to 
compare between compositions due to the different pore shapes; in addition, for 
high organic scaffolds (4060 and FC chitosan) the span of pore size was large. 
However, the influence of the inorganic and the GPTMS content on pore size can 
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Fig. 5.18. SEM images of freeze cast scaffolds fabricated with various compositions and cooling 
rates. Cross-sections perpendicular to the freezing direction, which show the cellular pore 
structures. 
FC chitosan 10 ℃/minFC chitosan 5 ℃/min
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be estimated by focusing on the scaffolds with regular pores which were 
fabricated at a certain cooling rate, i.e. 5050 GC4 10 °C min-1, 6040 GC4 10 °C 
min-1, 4060 GC2 10 °C min-1 and 4060 GC1 10 °C min-1. It can be seen that pore 
size decreased by increasing the inorganic quantity (from the average of ~50 μm 
for 5050 to < 40 μm for 6040) and the GPTMS amount (from ~50 μm for 4060 
GC2 to ~40 μm for 4060 GC1). 
 
Therefore, the incorporation of silica and GPTMS can affect the scaffold 
morphology. This was however intrinsically achieved by modifying the formation 
of ice crystals during solidification. For FC chitosan and 4060 hybrid scaffolds 
water still played a dominant role in solution, thus frozen crystals was forming 
according to the anisotropic growth kinetics of ice crystals. In this case ice grew 
more rapidly along the freezing direction than another and the crystal thickness 
remained small, resulting in the lamellar ice crystals and therefore the final 
lamellar structures [167, 189-191, 194]. However, with the increase of silica and 
GPTMS such mechanism could be altered and consequently the nucleation and 
growth of ice crystals modified. High amount of silica and GPTMS or the 
formation of a condensed silica network may disrupt the thorough ice 
crystallization, resulting in a localized crystal structure and therefore the reduction 
in the size of the growing ice crystals, which is similar to adding glycerol into 
solution for freeze casting [292]. This eventually led to less elongated and more 
regular pore morphology.  
 
The influence of cooling rate on scaffold structure was also investigated here. Fig. 
5.18 compared the freeze cast scaffolds (i.e. FC chitosan, 4060 GC4 and 5050 
GC4) that fabricated at the cooling rates 5 °C min-1 and 10 °C min-1. Increasing 
the cooling velocity resulted in finer pore size for 4060 GC4 and FC chitosan 
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since more pores can be seen in the 10 °C min-1 samples at the same magnification, 
which is in accordance with literature [189, 190]. This was due to the fact that 
during solidification particles in the solvent had less time to arrange and pack at 
higher cooling rate, resulting in slower crystal growth rate than the nucleation rate 
and therefore the decrease of pore size [191]. Regarding the 5050 hybrids pore 
size was surprisingly similar in both scaffolds using different cooling rates (~50 
μm along the long axis). This could be explained by the disruption of the silica 
network inhibiting the growth of ice crystal exceeded the regulation of cooling 
rate at such high inorganic content. Nevertheless, more work needs to be done for 
further verification. 
 
It has been reported that a minimum interconnected pore size of 100 μm is needed 
for vascularized bone ingrowth [39, 140-142]. Pore sizes of the hybrid scaffolds 
shown from the SEM images did not meet this requirement. However, it should be 
noted that the quantification of pore size was not convincing from the SEM 
images due to the damage caused by the sample preparation process. The 
scaffolds were flexible and can be compressed easily, resulting in the deformation 
and the destruction of pore structures during cutting. Therefore, a non-destructive 
technique for imaging is required for true quantification of pore size and porosity. 
A synchrotron X-ray µCT instrument is promising for achieving this purpose in 
the future. 
 
Fig. 5.19 shows SEM images of cross-sections of the scaffolds in the directions 
parallel to the freezing direction. Highly ordered morphology can be observed for 
all the freeze cast scaffolds. However differences of detailed structures can also be 
seen with various compositions. FC chitosan presented as a condensed bunch in 
this direction, which could be due to the highly flexibility of material so that 
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Fig. 5.19. SEM images of freeze cast scaffolds fabricated with various compositions and cooling 
rates. Cross-sections parallel to the freezing direction, which show the oriented pore structures. 
FC chitosan 10 ℃/minFC chitosan 5 ℃/min
500 μm400 μm
4060 GC4 10 ℃/min4060 GC4 5 ℃/min
200 μm 200 μm
5050 GC4 5 ℃/min 5050 GC4 10 ℃/min
100 μm 100 μm
6040 GC4 10 ℃/min 4060 GC2 10 ℃/min
100 μm 100 μm
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severe compression occurred easily during the cutting procedure for SEM imaging. 
The compressed structures did not recover after compression and cutting. For 
freeze cast hybrids scaffold morphology can be categorized into two types, i.e. 
lamellar sheet (e.g. 4060 GC4 and 4060 GC1 10 °C min-1) and fish-bone like 
structure with interconnected oval pores embedded into the scaffold struts (e.g. 
5050 GC4 and 6040 GC4 10 °C min-1). However, these two different shapes did 
not have a specific trend varying with compositions. In fact, lamellar-sheet like 
morphology can be observed in all the scaffolds. Fig. 5.20 indicates this 
occurrence in 4060 and 5050 GC4 10 °C min-1. Here it is proposed that the 
lamellar-sheet like shape is what the oriented structure should really be, which is 
generated when the ice crystals grow steadily during freezing. Whereas the 
fish-bone like microstructure with embedded pores is formed due to the unstable 
ice crystal growth at the early stage of solidification. Cooney et al. demonstrate 
that in an aqueous chitosan system the formation of oval pores is more likely to 
occur at the higher temperature (0~−50 °C) and if the temperature gradient is high, 
the oval ice crystals can be evolved into lamellar structures [293]. Therefore, 
when the temperature decreases the number of oval pores diminishes gradually 
and a complete lamellar structure eventually remains. This can be further verified 
by the µCT image of 4060 GC4 10 °C min-1 (Fig. 5.20c), of which the mid upper 
part was scanned. In this position the temperature has been low enough during the 
freeze casting process, thus the lamellar microstructures without oval pores can 
only be observed. 
 
For tissue regeneration, a scaffold with high porosity is essential since it can 
facilitate the exchange of nutrient, oxygen, metabolic wastes and molecular 
signaling and thus cell proliferation [14, 139, 149-153]. Here porosity 
measurement was carried out for all the freeze cast scaffolds and was given in  
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Fig. 5.20. (a) (b) SEM and (c) µCT image of the freeze cast scaffolds fabricated with various 
compositions, showing another type of oriented microstructure compared to those presented in Fig. 
5.19 (µCT image courtesy of Dr. Sheng Yue, School of Materials, University of Manchester). 
 
Table 5.4 Porosity of freeze cast scaffolds fabricated at a cooling rate of 10 ℃/min with various 
compositions. Values were obtain from the bulk density (mean values ± standard deviation, n = 5) 
and the skeletal density (mean values ± standard deviation, n = 3) of the scaffolds. 
Sample Bulk Density (g/cm3) Skeletal Density (g/cm3) Porosity (%) 
4060 GC1 0.056±0.005 1.716±0.005 96.71 
4060 GC2 0.050±0.002 1.622±0.014 96.95 
4060 GC4 0.044±0.001 1.694±0.005 97.42 
5050 GC4 0.055±0.001 1.725±0.018 96.82 
6040 GC4 0.069±0.002 1.773±0.005 96.13 
FC chitosan 0.039±0.003 1.653±0.014 97.62 
 
 
5050 GC4 10 ℃/min4060 GC4 10 ℃/min
200 μm 100 μm
100 μm
4060 GC4 10 ℃/min
(a) (b)
(c)
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Table 5.4. A mean of 97% porosity was found and the differences were minor 
between compositions. Therefore, in these silica/chitosan hybrid systems porosity 
mainly depended on the water content in solution. Such extremely high porosity 
may impose inferior influence on scaffold mechanical properties, which will be 
discussed in the next section. 
 
 
5.4. Evaluation of anisotropic compression 
behavior  
 
Anisotropic microstructures can result in the anisotropic mechanical response, 
which is the major characteristic of freeze cast scaffolds. Stronger compressive 
strength along the freezing direction, compared to the direction perpendicular to 
the freezing direction, is expected due to the highly ordered scaffold structures, 
which is promising for the application in tissue defects that strong and tough 
mechanical properties dominant in one direction are required. 
 
In this work silica/chitosan hybrid scaffolds fabricated by the freeze casting 
technique were shown to have anisotropic microstructures; therefore, compression 
testing was carried out here to investigate the corresponding anisotropic 
mechanical behaviors in different directions. In addition, it is expected that the 
mechanical properties of the freeze cast scaffolds could be tailored by varying the 
silica content, the GPTMS crosslinking degree and the cooling rate, based on the 
data in the previous sections, which is also examined in this study.  
 
The mechanical properties of the scaffolds and the relevant data were presented in 
Fig. 5.21 and Table 5.5. Regarding the scaffold compressive strength it can be 
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Fig. 5.21. Compression testing for freeze cast scaffolds fabricated with various cooling rates and 
compositions, which was carried out along the freezing direction (shown by the inset in b, the red 
arrows indicate the freezing direction.). (a) Representative stress–strain curves for different 
compressed scaffolds. Comparison of the critical mechanical properties between various freeze 
cast scaffolds with (b) maximum compressive strength, (c) compressive modulus and (d) strain at 
the failure point (n = 5).  
 
clearly seen from the stress-strain curves (Fig. 5.21a) and Fig. 5.21b that the 
maximum compressive strengths were significantly optimized by introducing the 
silica component to form a hybrid, compared to the pure chitosan scaffold (FC 
chitosan, an average value of ~36 kPa as shown in Table 5.5.). However, the 
differences of these strength values of hybrid scaffolds were not obvious between 
various compositions and were concentrated in the range of 150~200 kPa. In 
addition, adjusting the cooling rate showed minor effects on tailoring the 
compressive strength (Fig. 5.21b and Table 5.5), which is unexpected. This could 
be due to the joint action of the very high porosities of the scaffolds (~97%), thin 
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pore struts and the high flexibility induced by chitosan, which was dominant in 
controlling the compressive mechanical properties and therefore the influences of 
cooling rate and the change in composition were not evident. Despite this, an 
increasing trend for 10 °C min-1 hybrids can still be seen with the increase of the 
GPTMS and the silica content, i.e. from 167 kPa for 4060 GC4 to 274 kPa for 
4060 GC1 and to 207 kPa for 6040 GC4 (Table 5.5), respectively. This could be 
attributed to the formation of a more condensed silica network in higher GPTMS 
hybrids and more silica introduced into the scaffold to reduce flexibility in higher 
inorganic hybrid.  
 
Table 5.5 Mechanical properties obtained from the compression testing for freeze cast scaffolds 
fabricated with various cooling rates and compositions, mean values ± standard deviation (n = 5). 
sample Cooling rate (℃/min) 
Strain to failure 
(%) 
Maximum Strength 
(kPa) 
Compressive Modulus 
(MPa) 
6040 GC4 
5 7.29 ± 0.74 207.25 ± 29.78 7.79 ± 1.41 
10 4.94 ± 2.15 201.50 ± 21.75 7.92 ± 1.52 
5050 GC4 
5 2.18 ± 0.04 129.75 ± 4.60 7.18 ± 0.54 
10 2.79 ± 0.73 167.82 ± 26.92 8.22 ± 1.98 
4060 GC4 
5 8.15 ± 1.24 147.93 ± 15.11 7.53 ± 1.72 
10 10.18 ± 4.44 166.61 ± 16.74 6.86 ± 2.19 
4060 GC2 10 13.21 ± 9.43 216.11 ± 44.44 9.24 ± 3.87 
4060 GC1 10 23.08 ± 11.53 274.01 ± 37.87 8.11 ± 1.62 
FC chitosan 10 4.49 ± 0.58 36.45 ± 5.86 1.26 ± 0.24 
 
The similarity was also observed in compressive modulus. The stiffness was 
approximately 8 MPa for all the hybrid scaffolds (Fig. 5.21c and Table 5.5), which 
could be also due to the high porosity, lowering the effects of other factors. 
Nevertheless, different compressive behaviors took place between various 
inorganic/organic weight ratios (Fig. 5.21a). The scaffolds with higher organic 
content (4060 hybrids) showed a ductile mechanical response, which was 
indicated by a plateau region (plastic deformation) after the yield point. This 
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behavior was further enhanced by increasing the GPTMS crosslinking degree 
since a sudden failure (~10% of the strain) occurred after the plastic deformation 
for the 4060 GC4 hybrid while the strength decrease was gradual for the 4060 
GC1 hybrid with a strain to failure value of up to 23% (Table 5.5). This suggests 
that a tougher hybrid can be obtained by increasing the inorganic/organic coupling. 
However, increasing the percentage of silica (5050 and 6040 hybrids) led to a 
catastrophic failure of compressive strength after yielding and exhibited the brittle 
property (Fig. 5.21a), with mean strain at failure of ~2.5% and ~6% for 5050 and 
6040 hybrid scaffolds, respectively (Table 5.5). Therefore, the mechanical 
behavior can be adjusted by changing the proportions of the GPTMS or the 
inorganic component. 
 
For tissue regeneration, a scaffold should possess mechanical properties similar to 
the host tissue to avoid stress shielding [13, 41]. The hybrid scaffolds fabricated 
by the freeze casting technique have stronger mechanical properties compared to 
those obtained by other techniques (0.06~0.14 MPa) [277, 294, 295], showing the 
advantage of freeze casting. However, the compressive strength of the freeze cast 
hybrid scaffold is still too low and not suited to load bearing applications in hard 
tissues such as trabecular bone, of which the strength value is in the range of 2~12 
MPa [40]. Reducing the porosity by decreasing the water content in the system 
may obtain a stronger and tougher scaffold. Deville et al. reported freeze cast 
HAP scaffolds with enhanced compressive strength can be obtained by increasing 
the slurry concentration to reduce the porosity [168]. In addition, such freeze cast 
hybrid scaffold may be promising for anisotropic soft tissue regeneration such as 
cartilage and skeletal muscle due to anisotropic structures as well as the suitable 
scaffold stuffiness comparable to that of cartilage [82, 296] and muscle [297, 298]. 
Particularly for cartilage regeneration the chitosan component of these hybrids 
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Fig. 5.22. Stress–strain curves for freeze cast scaffolds fabricated at a cooling rate of 10 ℃/min 
with various compositions. Compression was carried out perpendicular to the freezing direction 
(shown by the inset, the red arrows indicate the freezing direction.). All the compressed scaffolds 
showed an elastic behavior in this direction but stiffness increased as GPTMS or inorganic content 
were increased.  
 
had a molecular structure similar to anionic glycosaminoglycans observed in 
sub-articular cartilage [277, 299]. 
 
When the freeze cast scaffolds were compressed perpendicular to the freezing 
direction, a totally different mechanical response occurred. The stress-strain 
curves in Fig. 5.22 showed that in this direction all the scaffolds exhibited the 
similar compressive behavior of a thermoplastic polymer and were highly flexible. 
These properties may be suitable for applications in soft tissue defects where 
many cycles of low loads occur [82]. In addition, different to the compression 
results along the freezing direction that there was no obvious trend in the stiffness 
between different compositions (Fig. 5.21c), the flexibility in this direction could 
be tailored by varying the chitosan content and the GPTMS amount, i.e. the 
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scaffold became stiffer with increasing the silica (for a given GC) and the 
coupling degree from GPTMS (for a given inorganic/organic weigh ratio). This 
may suggest that in these freeze cast silica/chitosan hybrid systems the oriented 
structures play a dominant role in the scaffold stiffness, compared to varying 
compositions. Stiffness cannot be adjusted significantly with the support of highly 
ordered microstructures.  
 
 
Fig. 5.23. Images showing the compression behavior of the freeze cast 60 wt% organic hybrid 
scaffolds fabricated at a cooling rate of 10 ℃/min (4060 GC4 10 ℃/min). Scaffolds compressed 
perpendicular to the freezing direction (a) by a compressor and (b) by hand, which demonstrate the 
highly elastic behavior. (c) Scaffolds compressed parallel to the freezing direction by a compressor, 
which shows the rupture formation and failure to recover after the compression. The red arrows 
indicate the freezing direction. 
 
Regarding the 60 wt% organic hybrid scaffolds (4060 GC4), high elasticity was 
observed perpendicular to the freezing direction (Fig. 5.23a and b). In this 
direction the scaffold can rebound to the original shape even after a severe 
(a)
(b)
(c)
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compression. By comparison when the force was applied along the freezing 
direction (Fig. 5.20c), the scaffold structure was rupturing and could not recover 
after being released from the compressor. Such unique property is attractive for 
surgical treatment since it may facilitate squeezing the scaffold into defect sites by 
surgeons from the flexible and elastic side and meanwhile provides mechanical 
support from the strong and tough direction, which is promising for tissue 
regeneration. 
 
 
5.5. Conclusions  
 
In summary, silica/chitosan hybrid scaffolds were successfully fabricated with the 
combination of the sol-gel process and the freeze casting technique. The scaffolds 
were demonstrated as true class II hybrids that the chitosan and the silica network 
were crosslinked covalently through the primary amine of chitosan and the epoxy 
ring of the coupling agent GPTMS. The inorganic/organic crosslinking degree and 
the dissolution degradation rate can be tailored by varying the GPTMS content, i.e. 
increasing the GPTMS amount resulted in the enhancement of inorganic/organic 
coupling and the retard of the degradation of the silica network. The hybrids were 
homogeneous throughout the bulk, suggesting a well dispersion and integrity of 
the chitosan and silica components.  
 
Highly ordered lamellar microstructures in the scaffolds were obtained using the 
unidirectional freeze casting process. A cellular morphology can also be observed 
perpendicular to the freezing direction. Larger pore size can be acquired by 
decreasing the cooling velocity, the silica and the GPTMS quantities, showing the 
tailorable properties of the hybrid scaffolds. A mean porosity of 97% was also 
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achieved due to the low chitosan concentration (17 mg/mL) during the preparation 
of the hybrid sol. Such high porosity caused the inferior compressive strengths of 
all the freeze cast hybrid scaffolds in the range of 150~250 kPa along the freezing 
direction and inhibits the applications in load-bearing hard tissues such as 
trabecular bone. Decreasing the water content may be a solution to improve the 
mechanical performances. However, the anisotropic structures could be attractive 
to anisotropic tissue regeneration such as sub-articular cartilage and skeletal 
muscle. In addition, the unique highly elastic property in high organic hybrids (e.g. 
4060) from the flexible side may bring more convenient surgical implantation by 
easily squeezing and pressing the scaffold into the tissue defect from this direction 
without deteriorating the mechanical properties from the strong side, which is 
encouraging for tissue therapy. 
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Chapter  6 
Conclusions & Future Work 
 
 
6.1. SIMS aspects 
 
Understanding the uniformity of a material is vital for its development since it can 
determine whether a sample synthesis method is successful or not. In this work 
ToF-SIMS was employed to investigate several silica-based artificial bone 
scaffolds. The ToF-SIMS approach offered numerous advantages such as the 
ability to map the distribution of all the elements and compounds in the periodic 
table with high resolution, which cannot be done by other common analytical 
technique such as XPS, EDX and PIXE, and the ability to depth profile a material, 
which is a special feature associated with ion beam bombardment (sputtering).  
 
Various calcium-containing silica/γ-PGA hybrid systems were evaluated by 
ToF-SIMS and the results were presented in Chapter 3. Initially, two 
methodologies for incorporating calcium into the silica/γ-PGA hybrids were 
compared.  In one method the free acid form of γ-PGA was used (insoluble in 
aqueous solution in this state) with DMSO as the solvent and CaCl2 as the calcium 
source. In the other method Ca(OH)2 was introduced into γ-PGA to obtain a water 
soluble calcium salt form of polymer with a subsequent inorganic/organic 
coupling reaction, which was conducted in aqueous system. The ToF-SIMS data 
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showed that the DMSO samples were heterogeneous due to the uneven dispersion 
of the species in the hybrids with DMSO. However, using a calcium salt form of 
γ-PGA to obtain the silica/γ-CaPGA produced a homogenous distribution, which 
suggests a promising route for calcium incorporation and is worthy of further 
study. However, the results also implied that in this case the coupling degree 
between the γ-PGA and GPTMS was limited since both the calcium and the 
γ-PGA shared the epoxy rings of GPTMS for crosslinking. Therefore an 
alternative processing route that involved functionalizing GPTMS with the 
addition of DMC to produce a carboxyl group was proposed.  
 
The hypothesis is that the carboxyl group of the DMC/GPTMS can ionically 
crosslink with that of γ-CaPGA and all the components can thus be incorporated 
into the hybrid system. The effect of adding DMC on the homogeneity of the 
hybrid synthesis was investigated. Samples synthesized with different timings for 
the DMC addition and with different reactions between GPTMS and γ-CaPGA 
were analyzed by ToF-SIMS. The results revealed that if DMC was added at the 
onset of the coupling reaction between GPTMS and γ-PGA (Pre-addition) the 
distribution of all the components were even; otherwise the 
silicon-rich/calcium-depleted phenomenon was observed when DMC was added 
after the reaction due to incomplete hydrolysis (Post-addition). This suggests the 
Pre-addition samples can be used for further improvement. However the calcium 
release profiles indicated that the addition of DMC had only a minor influence on 
the calcium ion release and only marginally affected the silicon release, regardless 
of the timing of adding the DMC. Further investigations, using techniques such as 
NMR to examine the occurrence of the inorganic/organic coupling, is therefore 
required to gain a more profound understanding of the mechanism of the ionic 
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crosslinking. Tracking the mechanical properties of the hybrid as a function of 
dissolution time with and without DMC would be of interest. 
 
SIMS is a topography sensitive technique and a flat sample surface is required for 
SIMS analysis to obtain convincing results. However, 3D porous scaffolds are 
preferred for tissue regeneration, which are challenging for the SIMS technique. 
Therefore, two methodologies have been attempted and demonstrated to tackle the 
challenges presented by samples that are rough and porous (contain a pore 
network) i.e. the Soak & Solid technique, where resin embedment was used, and 
the combination of FIB and ToF-SIMS (Mark & Map). The feasibility of these 
methods was discussed in Chapter 4.  
 
For the Soak & Solid technique, bioactive sol-gel 70S30C foams and electrospun 
70S30C fibers were studied and the effect of these two different sample synthesis 
routes, i.e. foaming and electrospinning, on the uniformity of the critical elements 
(Si and Ca) were examined and compared. In terms of the 70S30C foam more 
calcium was found to be distributed around the pores in some cases, which could 
be attributed to the fact that the calcium could dissolve in the synthesis 
by-products and was driven to open pores during evaporation of the by-products. 
Calcium subsequently re-deposited on the pores after drying. Regarding the 
electrospun 70S30C fibers, calcium was rich on the fiber ends, which may be due 
to the same-charge repulsion from the fiber jet device. 
 
Soak & Solid is applicable to many types of inorganic material. However, it is 
incompatible with organic materials since the masking of the same organic 
compounds caused by the resin would occur during SIMS analysis. Therefore, 
Mark & Map was applied to facilitate the SIMS analysis of calcium containing 
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silica/gelatin hybrid scaffolds. The ToF-SIMS data revealed that the distribution of 
calcium and silicon were different. This suggests that the inorganic and organic 
components were not well incorporated into each other in this hybrid system and 
calcium phosphate is not an optimal precursor for sol-gel hybrid synthesis. 
 
All the SIMS results obtained can be used to optimize the sample synthesis and 
the processing routes. ToF-SIMS was therefore demonstrated as an excellent 
complementary technique for facilitating the improvement of bioactive 
silica-based materials for bone regeneration. 
 
Future work 
 
It is proposed that further study can be focused on tracking the dissolution 
behavior of bioactive glass, thereby understanding how the glass degrades. This 
can be done by monitoring the variation of Si and Ca (the main elements in 
material) on the same place on the surface over time. The Soak & Solid method 
enables the expansion of this application to bioactive porous glass scaffolds.  
 
The SIMS technique can also be applied to determine the distribution of critical 
components in the bone scaffolds varying with the time of cell culture in the 
future, facilitating the improvement and the development of these artificial bone 
scaffolds 
 
Currently Soak & Solid is not applicable to organic based materials due to the 
possible signal overlap of organic components from epoxy resin. Therefore, the 
selection of a suitable resin for embedment is essential. The chosen resin should 
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not contain any characteristic organic groups of interest that the analyzed material 
has.  
  
The class II inorganic/organic hybrids used in work are a novel type of material in 
the SIMS field, thus more fundamental investigations should be carried out to 
further understand the mechanism of the ion beam bombardment on such hybrid 
materials. The choice of an appropriate ion beam is critical since it has been found 
to affect the secondary ion intensity of ions of high mass. For example, a 
preliminary result showed that both Bi+ and Bi3+ beams have been used to analyze 
the same silica/PGA hybrid, however, a greater intensity of secondary ions of 
masses over 65 can be observed from the mass spectrum using the Bi3+ cluster 
beam. These results have demonstrated the advantages of using cluster ion beams 
on organic materials. Therefore, the adjustment of the various parameters (e.g. 
beam type, beam current and beam voltage) should be well considered to obtain 
highest secondary ion yield for hybrid materials. 
 
 
6.2. Freeze cast silica/chitosan hybrid scaffolds 
 
In this thesis the development of silica/chitosan hybrid scaffolds with highly 
ordered microstructures was introduced in Chapter 5. The hybrid scaffolds were 
obtained initially from the preparation of the silica/chitosan hybrid sol to 
covalently crosslink chitosan with the silica network through the coupling agent 
GPTMS, followed by the unidirectional freeze casting process and freeze drying 
to produce oriented structures.  
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Hybrids with various inorganic/organic ratios (by altering the silica content) and 
different inorganic/organic coupling degree (by changing the GPTMS amount) 
were studied. It was demonstrated from the 13C and the 15N NMR results that 
chitosan was successfully incorporated into the silica network covalently through 
the primary amine from the deacetylated unit (-NH2) of chitosan and the epoxy 
ring of GPTMS; therefore freeze cast silica/chitosan hybrid scaffolds in this work 
were true class II hybrids. In addition, ToF-SIMS data showed that homogeneous 
hybrids were obtained using the combination of the sol-gel process and the freeze 
casting technique. 
 
The results indicated that the amount of the coupling agent GPTMS has a greater 
influence on the hybrid properties than the inorganic/organic ratio has. More 
specifically, the NMR and FTIR results showed that more connectivity of the 
silica network and inorganic/organic crosslinking can be achieved by increasing 
the GPTMS content. However, changing the inorganic/organic quantity showed 
only minor effects in this work. This was proved by the Tris dissolution study, 
which revealed that the increase of GPTMS resulted in a slower silicon release 
whereas no obvious trend was observed when altering the silica content.  
 
The incorporation of silica and GPTMS can also affect the scaffold morphology 
by changing the formation of ice crystals during solidification. Anisotropic 
microstructures were observed from different directions. Highly ordered lamellar 
structures were seen along the freezing direction whilst a cellular structure can be 
observed perpendicular to the freezing direction for all the samples. However, 
increasing the GPTMS or the silica content caused a reduction in pore size and a 
change of pore morphology with less elongated pores. Increasing the cooling rate 
from 5 °C min-1 to 10 °C min-1 also decreased the pore size of the high organic 
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samples (i.e. FC chitosan and 4060 GC4), but there was no obvious change for the 
5050 hybrids. However the pore sizes of most of the hybrid scaffolds were less 
than 100 μm from the SEM images, which cannot fulfill the requirement for tissue 
regeneration. Nevertheless, more work on pore size quantification is required for 
clarification. 
 
An average of 97% of porosity was obtained and only a subtle decrease of 
porosity with increase in the inorganic and the GPTMS quantities was observed. 
Therefore, the water content in the solution played a dominant role in the scaffold 
porosity in this case. The high porosity and the softness of chitosan significantly 
weakened the scaffold’s mechanical properties, resulting in a low compressive 
strength (150~250 kPa) for all the freeze cast hybrid scaffolds parallel to the 
freezing direction. However, for the 60 wt% organic hybrid a unique property was 
seen in that the scaffold was highly elastic perpendicular to the freezing direction 
whilst still maintaining a compressive strength value of ~160 kPa, which is 
promising for anisotropic tissue therapy. 
 
Future work 
 
Further study examining the inorganic/organic coupling degree of the hybrid 
scaffolds by varying the GPTMS and the inorganic content is required to gain 
more understanding of how these two factors affect the crosslinking of chitosan 
and the silica network. NMR analysis with the combination of quantitative 13C or 
15N and HSQC (heteronuclear single quantum coherence spectroscopy) 
experiments (presenting 1H and 13C or 15N coupling through one bond [277]) may 
achieve this purpose, focusing on the bonding between the amine group from 
chitosan and the epoxy ring of GPTMS.  
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The SEM images in Chapter 5 showed the differences of the pore structures 
between the freeze cast scaffolds with various compositions and cooling rates. 
However, these results (pore shapes and pore size) were not convincing due to the 
sample preparation procedure. The scaffolds with a high organic content (e.g. 60 
wt% organic hybrids) were flexible and easily compressed, thus the structures 
were deformed and destroyed during cutting. Therefore, a non-destructive 
technique for imaging is needed. A synchrotron X-ray µCT instrument can be 
employed to obtain the images showing the intact scaffold morphology therefore 
yielding true quantification of pore size and porosity. 
 
The freeze cast hybrid scaffolds are designed for tissue regeneration. As a 
consequence, it is compulsory to evaluate their bioactivity prior to implantation 
into the body. Toxicity tests and in vitro cell culture will be the next step to 
investigate the scaffold capacities of cell adhesion, proliferation and 
differentiation into specific cell types. Cell studies on chondrocytes will be one of 
the directions due to the suitable mechanical properties and oriented structures of 
the hybrid scaffolds, which may fulfill the requirements for cartilage regeneration.  
 
Further improvements on such silica/chitosan hybrid scaffolds can be produced by 
tailoring the chitosan concentration (currently ~17 mg/mL in this work) to reduce 
the water content in the hybrid sol and therefore the porosity, in order that stronger 
scaffolds can be obtained. In addition, the 4060 GC1 hybrids had the highest 
inorganic/organic coupling degree but with small pore sizes (~50 μm); therefore, 
decreasing the cooling rate may be an appropriate route to achieve a desirable 
product. 
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